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Climate change is of increasing global concern and has stimulated the development 
of alternative renewable energy sources. Dye-sensitized solar cells (DSSCs) are a 
promising third generation photovoltaic technology due to their low manufacturing costs, 
spectral tunability, flexibility, and potential for residential and commercial building 
integration. DSSCs employ ruthenium polypyridyl compounds to sensitize wide-bandgap 
semiconductors, typically titanium dioxide, to visible light. The aforementioned topics are 
introduced in Chapter 1. This thesis will elucidate the fate of metal-to-ligand charge 
transfer (MLCT) excited states of ruthenium polypyridyl compounds both in fluid solution 
and anchored to mesoporous metal oxide thin films and relate the findings to DSSCs.  
Chapter 2 describes the excited state relaxation pathways of ruthenium polypyridyl 
compounds containing isothiocyanate groups. This research demonstrates that the 
activation energy associated with ligand loss photochemistry in fluid solution increases 
significantly once the compounds are anchored to TiO2 or ZrO2 thin films and helps to 
explain the remarkable photostability of DSSCs.  
Chapter 3 begins by reviewing Stark effects observed at semiconductor-sensitizer 
interfaces. Excited state electron injection into titanium dioxide nanocrystals generates an 
interfacial electric field which perturbs the MLCT excited states of surface-bound 
sensitizers. Experimental measurements on the charge screening of interfacial electric 
fields by monovalent and divalent Lewis acidic metal cations are presented. The compound 
[RuII(dtb)2(dcbH2)]
2+, where dtb is 4,4’-di-tert-butyl-2,2’-bipyridine and dcb is 2,2’-
bipyridine-4,4’-dicarboxylic acid, was used to quantify the magnitude of these fields in the 
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presence of different cations and the charge-screening kinetics of the cations following 
excited state electron injection. 
Chapter 4 presents kinetic studies performed in the presence of the triiodide redox 
mediator, I3
-, which provide compelling evidence that the anionic nature of I3
- inhibits 
unwanted charge recombination in DSSCs. 
Chapter 5 presents the excited state acid-base reactions of [RuII(dtb)2(dcbH2)]
2+ and 
[RuII(btfmb)2(dcbH2)]
2+, where btfmb is 4,4’-bis(trifluoromethyl)-2,2’-bipyridine. 
Although the protonatable ligand, dcbH2, was identical for both compounds, it was found 
that the ancillary ligands could tune the excited state to be either more acidic (pKa
* = 2.0 
for btfmb) or basic (pKa
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Chapter 1. The Need for Renewable Energy and 
the Prospect of Dye-Sensitized Solar Cells (DSSCs) 
1.1 Global Energy Demand 
The global demand for energy is perpetually increasing and necessitates the 
development of sustainable, renewable energy resources. Global energy consumption in 
2010 was 150 petawatt hours (PWh) and is expected to increase to 185 PWh by 2020 and 
to 240 PWh by 2040.1-2 In 2010, the United States alone used 3.9 terawatt hours (TWh) of 
electricity accounting for 21% of the global total, 18.5 TWh.3 The United States uses a 
disproportionate amount of global energy considering that in 2010 the American 
population of 309 million individuals constituted less than 5% of the global population, 
totaling 6.87 billion people.4-5 
While the largest portion of American energy consumption occurs in the 
transportation sector, 27% of the total, the prodigious increase in electronic device usage 
indicates that we should be concerned about electricity consumption and thus electricity 
generation on a much broader scale.6 In 2013, the average American individual owned 5.4 
internet connected devices and that number is predicted to reach 9.3 by 2018. Globally, the 
average of 1.7 internet connected devices per capita in 2013 is predicted to increase to 2.7 
by 2018.7 An assessment of electronic devices connected to the internet concluded that 
sometime between 2008 and 2009 the number of those devices surpassed the world 
population.8 It is clear that the number of electronic items owned per individual will only 
continue to increase with further advancement of entertainment devices and the connection 
 
2 
of “smart” household appliances to the internet. This growth is expected to be a global 
phenomenon as device costs decrease and developing countries attain higher standards of 
living. Although efforts are underway to manufacture more efficient electronic goods, the 
sheer number of devices and their increasing complexity suggests that energy consumption 
will continue to increase on a domestic and global scale. 
 
1.2 Global Climate Change 
An undesirable consequence of traditional energy generation is the release of large 
quantities of carbon dioxide as a combustion byproduct. According to the United States 
Energy Information Administration, roughly 0.5 to 1.0 kg of carbon dioxide is released per 
kilowatt hour (kWh) of electricity used depending on the power source, i.e. coal versus 
natural gas.9 In 2012, the average American household was responsible for the release of 
approximately 8,000 kg of carbon dioxide due to an average annual consumption of 10,837 
kWh of electricity.10 
Society should be concerned with the environmental effects of releasing 
unprecedented amounts of carbon dioxide into the earth’s atmosphere. Carbon dioxide is a 
classic greenhouse gas that trap heat by absorbing the thermal energy emitted from the 
earth’s surface.11 Alarmingly, atmospheric carbon dioxide concentrations are well above 
historical values and each year continues to bring record-setting levels. Prior to 1915, the 
atmospheric carbon dioxide concentration had never exceeded 300 parts per million (ppm). 
Yet, between April and July of 2014 the concentration level surpassed 400 ppm for the first 
time in history. The annual carbon dioxide concentration is shown in Figure 1.1 using 
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public datasets available from the National Oceanic and Atmospheric Administration 
(NOAA) Earth System Research Laboratory and the Scripps CO2 Program.
12-14 
Analysis of air contained in Antarctic ice cores established a correlation between 
atmospheric carbon dioxide concentration and temperature spanning the past 800,000 
years.15 Global changes in temperature patterns, commonly referred to as global warming, 
are attributed to the increasing levels of carbon dioxide in the atmosphere. The observed, 
globally averaged temperature anomaly is shown in Figure 1.2.A as annual or decadal 
averages from 1850 to 2012. A clear, increasing trend can be seen in the temperature 
anomaly data with record values observed near present day. The observed change in 
surface temperature from 1901 to 2012 is mapped onto the earth in Figure 1.2.B and depicts 
temperature increases as large as 2.5 °C over the 111 year time span.16. The map highlights 
the widespread impact of these temperature changes on the international community. 
Unfortunately, the term “global warming” does not adequately address the full implications 
of global climate change and may give the public an inadequate understanding of the 
situation. In addition to fewer cold days and nights, global climate change also 
encompasses extreme weather events such as increases in the intensity, duration, and 
frequency of heavy precipitation events, heat waves, droughts, and tropical cyclones.16 The 
Intergovernmental Panel on Climate Change stated that “it is extremely likely that human 
influence has been the dominant cause of the observed warming [of the atmosphere and 
the ocean] since the mid-20th century.”16 While the majority of scientists are in agreement 
that anthropogenic climate change is occurring due to the combustion of fossil fuels and 
the subsequent release of carbon dioxide, there has been much debate in the media and in 





Figure 1.1. Atmospheric carbon dioxide concentration (ppm) as a function of year measured at the Mauna 
Loa Observatory in Hawaii plotted from year 1 to 2014 (A) and from 1958 to 2014 (B). Prior to 1958, 
carbon dioxide concentrations were obtained from ice-core data. From 1958 onwards, the atmospheric 





Figure 1.2. (A) Observed annual and decadal global mean surface temperature anomalies from 1850 




1.3 Solar Energy Conversion 
1.3.1 Renewable Energy Alternatives 
Dependence on fossil fuels for energy production clearly results in detrimental 
environmental effects, predominantly from carbon dioxide emission, and has prompted 
interest in alternative energy sources. In order to fulfill the massive global energy demands, 
a realistic approach would likely implement energy production from a broad portfolio of 
resources including traditional fossil fuels while expanding the use of renewable 
alternatives. Biomass, hydroelectric, wind, geothermal, and solar photovoltaics are the 
primary renewable energy resources currently in the marketplace which produce 10% of 
U.S. and global energy.6,17 Each of these technologies come with their own unique set of 
advantages and potential drawbacks. For example, biomass materials such as wood or corn 
are considered carbon neutral and cost-effective resources but they require growth periods 
of months to years and may compete with food production. Hydroelectric and wind power 
are time-tested technologies that produce large quantities of electricity but are restricted to 
specific geographic locations and require large structures for effective deployment. 
Solar energy is an enticing alternative due to the seemingly limitless amount of 
available energy. More energy from sunlight reaches the earth’s surface in 1.5 hours, 180 
PWh, than all of the energy consumed globally in 1 year, 150 PWh in 2010.1,18 The ability 
to manufacture various sizes of photovoltaic devices ranging from small, handheld 
components up to large solar arrays the size of several football fields allows for scalable 
integration in many areas around the world. The inherent disadvantage of solar energy 
production is the intermittent nature of solar irradiation resulting from the diurnal cycle of 
sunlight and the threat of adverse weather conditions. These intermittency issues could be 
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overcome through the conversion and storage of solar energy in chemical bonds, generating 
so-called solar fuels.18-21 In this scenario, photovoltaics would generate electricity and 
produce solar fuels, such as water or methanol, during the day which could then be used 
during the night or when solar irradiation is impeded. Solar energy conversion is not a new 
concept for the inorganic chemistry field. The Oil Crises of 1973 and 1979 have spurred 
many research groups to study the use of inorganic chromophores for electricity generation 
from sunlight, particularly ruthenium-based compounds.22-25 
 
1.3.2 Ruthenium Polypyridyl Compounds 
Arguably the most well studied inorganic compound is the ruthenium polypyridyl 
dication [RuII(bpy)3]
2+, where bpy is 2,2’-bipyridine, shown in Figure 1.3. Mononuclear 
Ru(II) compounds have attracted broad interest due to their unique photophysical 
properties including ease of electronic tunability, redox chemistry, long-lived excited 
states, excited-state reactivity, photoluminescence, and chemical stability. Exploitation of 
these beneficial properties has led to the use of Ru(II) compounds in a variety of 
applications such as photocatalysis in organic synthesis,26-27 photodynamic therapy,28-30 
optical switching,31-32 electroluminescent devices,33-35 and solar energy conversion.36-38 
Most polypyridyl Ru(II) compounds owe their chemical inertness to the pseudo-octahedral 
geometry, formally D3 symmetry, and electronic structure of d
6 metal ions in addition to 
the large ligand-field splitting associated with second row transition metal elements. The 
commonly used polypyridine ligands bond through σ donor orbitals on the nitrogen atoms 
and possess π donor and π* acceptor orbitals that are delocalized over the aromatic rings. 




Figure 1.3. Depiction of the electronic state of [RuII(bpy)3]2+ and of the triplet metal-to-ligand charge 
transfer (3MLCT) state following light excitation. The red oval indicates electron localization on a single 




As a result of the large ligand-field splitting of Ru(II) and the energetics of bipyridine, the 
highest occupied molecular orbital (HOMO) for [RuII(bpy)3]
2+ is predominantly metal in 
parentage while the lowest occupied molecular orbital (LUMO) is associated with the π* 
orbitals of the bipyridine ligand. The energetic splitting between the HOMO and LUMO, 
or the band-gap energy, determines the lowest energy electronic transition of a compound. 
Through simple cyclic voltammetry measurements, it is possible to determine the formal 
reduction potential for the metal center, E0(RuIII/II), as well as those of the ligands,  
E0(L0/-), which are associated with the HOMO and LUMO energies, respectively. The 
formal ruthenium reduction potential for [RuII(bpy)3]
2+ in acetonitrile is E0(RuIII/II) = +1.25 
V vs. the normal hydrogen electrode (NHE).20 The first ligand reduction of bipyridine 
occurs more negative on an electrochemical scale with E0(bpy0/-) = -1.25 V vs. NHE.23,39 
Through alteration of the ligand set, the reduction potentials, and consequently the 
absorption properties, of Ru(II) compounds can be tuned across a wide range of values. 
Promotion of an electron from the Ru-based HOMO to the bpy-based LUMO 
results in a metal-to-ligand charge transfer (MLCT) transition; see Figure 1.3 for an 
electronic and structural depiction. Other electronic transitions are also possible, including 
ligand-centered (LC) and ligand field (LF) transitions. While Ru(II) polypyridyl 
compounds are most famous for their MLCT excited states, the LF excited states are also 
of interest as they are formally anti-bonding with respect to metal-ligand bonds and are 
associated with ligand loss photochemistry. This photochemical ligand loss can be 
beneficial for photodynamic therapy applications, but is detrimental for long-term 




The molar absorptivity spectrum of [RuII(bpy)3](PF6)2 is shown in Figure 1.4 as a 
function of wavelength. The characteristic MLCT absorption band at 450 nm (ε = 14,200 
M-1cm-1) tails to almost 575 nm. This is consistent with predictions of an electronic 
transition at 500 nm based on the band-gap energy of 2.50 eV measured 
electrochemically.20,23,39 The strong, sharp absorption around 285 nm (ε = 84,400 M-1cm-
1) is attributed to a bpy-based π-π* LC transition.23,41 Excitation into the MLCT or LC 
absorption band results in room-temperature photoluminescence, which maximizes around 
615 nm, see Figure 1.4. The broad, featureless nature of the photoluminescence band 
coupled with its solvent dependence indicate that the excited state is MLCT in character. 
The physical description of the electron in the MLCT excited state was a matter of 
controversial debate for several decades. The primary question was whether the electron 
localized on one single bipyridine or delocalized across all three with 1/3 of an electronic 
charge formally residing on each bipyridine. Solvent dependent absorption data and time-
resolved resonance Raman spectroscopy indicated that the localized electron model was 
most appropriate for tris-heteroleptic ruthenium polypyridyl compounds. 
Electroabsorption experiments by the groups of Boxer and Hupp further supported the 
electron localized model through direct measurement of the change in dipole moment 
between the ground and excited states, Δµ.42-44 The charge transfer distance of the electron 
was calculated using the experimentally determined Δµ values and found to be less than 
the theoretical value for full charge transfer (~65% for [RuII(bpy)3]
2+).43 The discrepancy 
was attributed to π back bonding in the ground state and movement of electron density 
towards the formally oxidized ruthenium metal center in the excited state.45 Subsequent 
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ultrafast transient spectroscopy experiments showed that while the electron localizes on a 
single ligand, it becomes “randomized” through interligand hopping.23,41 
Transient experiments have been used to extensively characterize the photophysics 
and photochemistry of [RuII(bpy)3]
2+* and are summarized in the Jablonski diagram shown 
in Figure 1.5. Initial light excitation of the compound generates a Franck-Condon (FC) 
state, which relaxes in the 1MLCT state manifold and undergoes intersystem crossing to 
the 3MLCT manifold with a quantum yield of unity on the ~15 - 100 fs timescale.23,46 
Internal conversion to the lowest energetic level of the 3MLCT state occurs within ~20 
ps.23,41,46-47 Although Crosby provided evidence against the validity and appropriateness of 
using spin as a quantum number for ruthenium compounds due to the relatively large spin-
orbit coupling constant of Ru (ζ = 900 - 1000 cm-1), spin multiplicity is still commonly 
referred to for convenience.48-50 Following Kasha’s rule, the lowest energetic excited state 
of ruthenium polypyridyl compounds, the 3MLCT state, is the emissive state.51 
Photoluminescence of [RuII(bpy)3]
2+ is characterized by a quantum yield (ΦPL) of 0.062 
with a lifetime (τ) of 825 ns in fluid acetonitrile solution.52-53 Using ΦPL and τ, the radiative 












yielding kr = 7.5 x 10






Figure 1.4. UV-vis absorption (solid line) and photoluminescence (dashed line) of [RuII(bpy)3](PF6)2 in 
acetonitrile solution. The absorption spectrum is given as molar absorptivity while the photoluminescence 




Temperature-dependent, time-resolved photoluminescence studies on ruthenium 
polypyridyl and other related d3 and d6 compounds have provided further insight into their 
excited state relaxation pathways through Arrhenius analyses. Hager and Crosby 
determined that the 3MLCT state of [RuII(bpy)3]
2+ is actually comprised of three distinct 
states separated by 10 and 60 cm-1 in energy.54 These three states behave as a single entity 
above 30 K and are termed a thermally equilibrated excited state (thexi).55 Related 
measurements near room temperature found evidence for thermal activation from the thexi 
state to LF states. Activation energies were greater than 2,800 cm-1 and typically 
accompanied by photochemical ligand loss.56 Ruthenium compounds with strong field 
ligands, such as cyanide, or physically constricted samples, such as [RuII(bpy)3]
2+ 
encapsulated in zeolites, did not undergo ligand loss photochemistry but rather the excited 
state lifetimes displayed a weak temperature dependence.57-59 This weak temperature 
dependence was characterized by activation energies ranging from 300 to 1,000 cm-1 and 
attributed to thermal population of a fourth MLCT state based on theoretical studies, 
comparison to [OsII(bpy)3]
2+, and spectral modeling of photoluminescence spectra.60-62 The 
excited state relaxation pathways for ruthenium polypyridyl compounds containing 
formally weak-field isothiocyanate ligands are discussed in Chapter 2 for compounds in 
fluid solution and attached to metal oxide thin films. The spectral tunability, excited state 
lifetimes, and photostability outlined above make ruthenium polypyridyl compounds 
useful candidates for solar energy conversion. However, in order to effectively generate 





Figure 1.5. Jablonski diagram of [RuII(bpy)3]2+ where solid lines indicate radiative transitions and dashed 
lines indicate non-radiative transitions. The structure to the right indicates a photochemical ligand loss 




1.3.3 Dye-Sensitized Solar Cells (DSSCs) 
The first solar cells to gain prominence were inorganic, crystalline silicon 
photovoltaics. Silicon-based devices saw continual improvement from the initial report of 
1% efficiency in 1941 up to 25% in 2009.63-64 The energy separation between the valence 
band (EVB) and conduction band (ECB) edges, i.e. the band gap, of (poly)crystalline silicon 
materials is 1.1 eV, thus enabling the generation of electricity from absorbed photons with 
wavelengths less than 1,130 nm. Unfortunately, photons containing energy greater than the 
minimum amount required for band gap excitation undergo thermal losses by activating 
phonon modes of the semiconductor. In order to generate larger photovoltages, and hence 
increase the amount of available energy, wide band-gap semiconductors could be used such 
as crystalline anatase titanium dioxide. The band gap of anatase titanium dioxide, 3.2 eV, 
is greater than that of silicon, but has limited efficacy as a photovoltaic material because it 
only absorbs 3% of the photons in the solar spectrum, which limits its efficacy as a 
photovoltaic material.65-67 A larger spectral range of solar radiation could be harvested 
using ruthenium polypyridyl compounds due to their tunable absorption bands in the 
visible region. 
Early work in the 1970s utilized monolayers of dye molecules on planar 
semiconductor substrates in order to sensitize the semiconductor to visible light.67-69 Using 
this approach, photon absorption promotes a sensitizer to an excited state that can then 
transfer an electron to the semiconductor, a process termed electron injection. In this 
manner, the spectral properties of the sensitizer could be tuned independently of the 
semiconductor for broader harvesting of the solar spectrum. Experimental and theoretical 
efforts by Heinz Gerischer provided a framework to understand electron injection 
 
16 
efficiency by describing the interaction of donor states of the excited dye molecule with 
the acceptor states of the semiconductor.70-71 
The use of planar, semiconductor substrates and monolayer sensitizer surface 
coverage (Figure 1.6) meant that only a small portion of the incident light was absorbed by 
the sensitizers, less than 3%, resulting in low efficiencies around 0.1 – 0.5%.66,68 Initial 
attempts to increase efficiency focused on increasing light absorption through the 
deposition of multiple sensitizer layers on the substrate. Although these thick films did 
absorb more light than their monolayer counterparts, they produced very low incident 
photon to current efficiencies (IPCE), less than 0.05%, due to small exciton diffusion 
lengths.72 
In 1991, the work of O’Regan and Grätzel introduced a paradigm shift that 
advanced dye-sensitized solar cells (DSSCs) from the realm of the purely academic to the 
practical.73 They pioneered the use of mesoporous, nanocrystalline anatase titanium 
dioxide thin films which afforded surface areas three orders of magnitude greater than those 
for planar substrates. These mesoscopic thin films, 5 – 10 µm thick, could absorb greater 
than 99% of the incident light with monolayer surface coverage of the sensitizer while 
maintaining quantitative electron collection efficiencies due to the proximity of each 
sensitizer to the semiconductor.73 The structural evolution of the sensitizer-semiconductor 
strategy is depicted in Figure 1.6. Using the trinuclear compound [Ru(bpy)2(µ-
CN)2]2Ru(dcbH2)2, where dcbH2 is 2,2’-bipyridine-4,4’-dicarboxylic acid, as a sensitizer 
and the iodide/triiodide redox mediator in acetonitrile, O’Regan and Grätzel obtained 
unprecedented efficiencies of 7 – 8%.73 The structure of the trinuclear compound is shown 
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in Figure 1.7 alongside other champion ruthenium sensitizers, which are listed with their 
efficiencies reported at the time of initial publication.73-76 
The working principle of DSSCs was established from the theories developed by 
Gerischer for planar electrodes and is shown schematically in Figure 1.8. In DSSCs, dye 
molecules, often called sensitizers, S, are attached to a wide band gap semiconductor using 
carboxylic acid linkages. In an operational DSSC, absorption of a photon of light promotes 
an electron to an excited state of the dye molecule. Subsequent excited state electron 
injection into the titanium dioxide acceptor states occurs on the ultrafast, fs – ps, 
timescale.77-79 The injected electron emanates an interfacial electric field that perturbs the 
electronic states of surface-bound dye molecules.65,80 After photoinjection, the electron 
thermally relaxes to the quasi-Fermi level of the semiconductor and can diffuse through 
the mesoporous network to the transparent conductive oxide electrode, TCO. The electron 
then travels through a circuit to perform useful work in the external circuit. Meanwhile, the 
oxidized sensitizer is regenerated by an electron donor present in the external electrolyte 
solution, typically iodide. The oxidized iodide product, tri-iodide, traverses out of the 
mesopores of the thin film and through the bulk electrolyte to a dark counter electrode, 
typically platinized TCO, where it is reduced back to iodide and completes the circuit. The 
mixture of reduced and oxidized donors, D+/0, are often called redox mediators as they 
mediate electron transfer between the two electrodes.65-66,79,81 In this way, no net 
photochemistry occurs and DSSCs are considered regenerative solar cells that convert 




Figure 1.6. Cartoon evolution of the sensitized semiconductor approach to solar energy conversion. The 





Figure 1.7. Structures of champion ruthenium polypyridyl sensitizers listed with the common codifications 




Some of the potential loss mechanisms for DSSC efficiency are indicated by the 
dashed red arrows in Figure 1.8 and include: excited state decay, through both radiative 
and non-radiative pathways; charge recombination from injected electrons to oxidized 
sensitizers; and charge recombination from injected electrons to the oxidized iodide 
species. 
1.3.4 Recent Developments 
Efforts to improve the efficiency and practicality of DSSCs over the past 23 years 
have primarily focused on sensitizer development, inhibition of charge recombination, 
development of alternative redox mediators, and modification of electrolyte 
composition.65,79,82 Two major concerns for sensitizers are their absorption characteristics 
and photostability.79,83 Ruthenium sensitizers are remarkably stable, capable of undergoing 
greater than 106 turnovers in an operational DSSC.73 However, some researchers have 
expressed concerns about the stability of compounds containing isothiocyanate ligands and 
have turned to new ligand motifs, such as cyclometalating ligands.84-86 The issue of 
sensitizer stability is addressed in Chapter 2 through temperature-dependent, time-resolved 
photoluminescence experiments. Another sensitizer design requirement is a method of 
attachment to the titanium dioxide surface with carboxylic acids being the most widely 
used functional groups. The ground and excited-state acid behavior of two ruthenium 
polypyridyl compounds containing carboxylic acids is described in Chapter 5. 
Successful strategies for the inhibition of charge recombination include movement 
of charge away from the interface through sensitizer design and surface modification of the 
titanium dioxide nanocrystallites Sensitizers capable of moving the oxidizing equivalent 




Figure 1.8. Schematic of a dye-sensitized solar cell (DSSC). The green arrow indicates light absorption 
processes. Solid, blue arrows indicate beneficial electron flow for generation of photocurrent. Dashed, red 
arrows indicate processes detrimental to efficiency: 1) photoluminescence; and 2) charge recombination 





variable length ligand spacers, resulted in decreased rates of charge recombination 
compared to reference compounds.87-88 The use of atomic layer deposition to coat titanium 
dioxide nanocrystallites with titania and alumina blocking layers or the use of core-shell 
nanoparticle architectures have resulted in increased efficiencies and sensitizer stability by 
hindering charge recombination processes.89-92 Charge recombination to tri-iodide is 
studied in Chapter 4 and was found to be affected by electric fields present at the TiO2-
sensitizer interface. 
Research programs devoted to improving DSSC efficiency and stability through 
the use of alternative redox mediators and electrolyte composition have seen some success. 
Replacement of the corrosive iodide/triiodide redox mediator has been particularly 
effective with the use of cobalt(III/II) polypyridine compounds and has led to improved 
open circuit photovoltages.93-95 Efforts to eliminate volatile solvents altogether through 
development of solid-state DSSCs (ss-DSSCs) have seen marked improvement through the 
inclusion of 9,9’-spirobifluorene, spiro-MeOTAD, as a hole transport material.79,96 Recent 
evidence suggests that the interfacial electric fields generated by injected electrons in 
titanium dioxide nanocrystallites can affect open circuit photovoltages and also complicate 
interpretation of spectroscopic data in traditional and solid-state DSSCs.80,97-98 Chapters 3 
and 4 present experiments that characterize these interfacial electric fields and examine the 
influence of electrolyte composition on these fields. 
Although efficiencies remain below 15% and have not approached those of 
conventional silicon photovoltaics, DSSCs are finding niche applications and their future 
is bright. The current, confirmed record efficiency for a DSSC is 11.9% for a cell fabricated 
by the Sharp® corporation.99 In 2010, Logitech® commercially launched a line of wireless 
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solar keyboards which use DSSC technology and can retain a charge for three months in 
the dark.100-101 Construction of the Swiss Tech Convention Center at the École 
Polytechnique Fédérale de Lausanne (EPFL) in Lausanne, Switzerland demonstrated the 
first instance of architectural integration of translucent DSSCs. The electricity production 
from 300 m2 of these “stained glass solar cell windows” is estimated at 8 MWh annually.102 
While these efforts provide only a fraction of the electricity demands for consumers, the 
unobtrusive integration of DSSCs into previously existing technologies indicates the 
promise of DSSCs for solar energy conversion. 
 
1.4 Summary 
A global demand and environmental imperative exists for renewable, sustainable 
energy. Sunlight is an obvious alternative energy choice due to the massive amount of 
energy delivered to the earth’s surface in the form of photons. This thesis describes 
fundamental photophysical and photochemical studies of ruthenium polypyridyl 
compounds, particularly of their MLCT excited states, that have solidified their position as 
prime candidates for solar energy conversion. Implementation of ruthenium compounds as 
solar absorbers attached to mesoscopic thin films of titanium dioxide in DSSCs led to a 
modular paradigm in photovoltaics by decoupling the light harvesting and charge 
collection processes. Efficiencies exceeding 10% have been confirmed for operational 
devices. In addition to their practical applications, fundamental studies of DSSCs have 
furthered our understanding of concepts with broad chemical relevance and specific 
examples related to excited state photophysics (Chapters 2 and 5) and interfacial electric 
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Chapter 2. Excited State Relaxation of 
Ruthenium Polypyridyl Compounds Relevant to 
Dye-Sensitized Solar Cells 
In part a compilation of one publication.1 
This work was collaborative in conjunction with Patrik G. Johansson† and Maria 
Abrahamsson‡ 
†Johns Hopkins University, Baltimore, Maryland 
‡Chalmers University of Technology, Göteborg, Sweden 
2.1 Introduction 
Excited state relaxation of the thermally equilibrated excited state of Ru(bpy)3
2+ 
was quantified in considerable detail by Crosby and coworkers.2-4 Temperature-dependent 
photoluminescence (PL) measurements revealed the presence of three closely spaced 
metal-to-ligand charge transfer (MLCT) excited states that behave as a single state near 
room temperature. Later, experimental and theoretical analysis identified a fourth MLCT 
state that accounted for the weak temperature dependence near room temperature.5-8 
Excitation spectra revealed that intersystem crossing from upper excited states to the 
thermally equilibrated (thexi) states occurred with a quantum yield of unity.4,9 Higher in 
energy are ligand field (LF) states, sometimes called d-d states, which are antibonding with 
respect to metal-ligand bonds, Scheme 1. Internal conversion from the MLCT states to the 
LF states can therefore lead to ligand loss photochemistry. As was emphasized by Crosby, 
the Ru center induces spin-orbit coupling that makes spin a poor quantum number for these 
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electronic excited states.4,10-11 Nevertheless, the initially formed excited state is necessarily 
singlet in character while the thexi states have considerable triplet character. In this chapter, 
the term photoluminescence is used, which implies no restrictions on the spin change that 
accompanies excited state relaxation.  
While it is often tacitly assumed that a Jablonski diagram like that shown in Figure 
2.1 for Ru(bpy)3
2+ is applicable to all MLCT excited states, there is evidence to suggest 
otherwise. For example, nonunity intersystem crossing yields have been observed under a 
variety of conditions.12-18 Excitation wavelength dependent quantum yields for 
photochemical ligand loss have been reported.19-22 Furthermore, the MLCT excited states 
are often found to be acutely sensitive to their external environment.5,23-31 It is also 
noteworthy that excited-state relaxation pathways in compounds of lower symmetry, like 
the cis-Ru(bpy)2X2, where X is a halide or pseudohalide, have received remarkably little 
attention even though they represent the class of compounds most commonly utilized in 
dye-sensitized solar cells.32-36 In this chapter, photophysical studies of this type are reported 
for compounds in fluid solution and anchored to semiconducting metal oxide surfaces. 
Previous studies of MLCT excited states anchored to semiconductor surfaces have 
been limited, mainly because of rapid electron transfer to the semiconductor acceptor 
states.37-44 However, it is possible to enhance the excited state lifetime by shifting the 
semiconductor acceptor states to energies where electron transfer is unfavored.45-46 For 
example, Sutin and Clark took advantage of the Nernstian shift of the rutile TiO2 
conduction band edge position to abstract reorganization energies for interfacial electron 
transfer; excited state injection was favored under acidic conditions and was not observed 








In another example, the MLCT excited states of cis-Ru(bpy)2(ina)2
2+, where ina is 
isonicotinic acid, anchored to mesoporous TiO2 nanocrystalline (anatase) thin films 
displayed non-unity intersystem crossing yields with an increased activation barrier for 
MLCT  LF internal conversion.48 Lateral intermolecular energy transfer across the 
surface has also been quantified in these same TiO2 thin films.
49-52 
There exists compelling evidence that excited state electron transfer from 
ruthenium polypyridyl compounds to anatase TiO2 occurs on ultrafast time scales under 
many experimental conditions.37-44 In addition to these subpicosecond electron transfer 
processes, there is evidence for slower interfacial electron transfer reactions that were 
likely occurring from the thexi state.40-42,44 In principle, PL can report on the yields and 
rate constants for interfacial electron transfer from the thexi state. Several previous studies 
have reported data of exactly this type.53-56 Furthermore, since PL is a contactless technique 
it can, in principle, be used for the in situ characterization of operational dye-sensitized 
solar cells. As PL is an indirect probe of electron transfer, its use as an in situ tool for solar 
cell efficiency requires that the excited states be thoroughly characterized. This chapter 
reports carefully designed experiments motivated toward this goal. Temperature dependent 
PL studies of compounds of the general type cis-Ru(LL)2(X)2, where LL is a diimine ligand 
and X is CN- or NCS-, Figure 2.2, have been contrasted with the well-known Ru(bpy)3
2+ 
and Os(bpy)3
2+, where bpy is 2,2’-bipyridine, to identify relaxation pathways. In addition, 
the photophysical properties of cis-Ru(dcbH2)2(NCS)2, often called N3, anchored to 





Figure 2.2. Chemical structures of molecules studied: (left to right) cis-Ru(bpy)2(CN)2, cis-
Ru(bpy)2(NCS)2, and cis-Ru(dcbX2)2(NCS)2 where X = H (N3) or X = tetrabutylammonium (N712). 
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An important finding in this chapter is that the population of dissociative LF excited states 
is unlikely to lead to unwanted photochemistry in dye-sensitized solar cells based on these 
sensitizers. This conclusion stands in sharp contrast to what one would anticipate based on 




The following reagents were used as received from the following commercial 
suppliers: acetonitrile (Burdick & Jackson, spectrophotometric grade); ethanol (Pharmco-
Aaper, 200 proof anhydrous); tert-butanol (Fisher, certified); propylene carbonate (Sigma-
Aldrich, 99.7% anhydrous); deionized water; n-tetrabutylammonium hydroxide (TBAOH; 
Sigma-Aldrich, 1.0 M in methanol); potassium hydroxide (Fisher Scientific, >85%); 
potassium hexafluorophosphate (KPF6; Aldrich, 98%); [Ru(bpy)3]Cl2·6H2O (Aldrich, 
99.95%); cis[Ru(dcbH2)2(NCS)2] (Solaronix); titanium(IV) isopropoxide (Sigma-Aldrich, 
97%); zirconium(IV) isopropoxide (Alfa Aesar, 70% in n-propanol); argon gas (Airgas, 
>99.998%); nitrogen gas (Airgas, 99.999%); glass microscope slides (Fisher Scientific, 1 
mm thick). [Ru(bpy)2(CN)2], [Ru(bpy)2(NCS)2], and [Os(bpy)3](PF6)2 were available from 
previous studies.  
2.2.2 Preparations. 
[Ru(bpy)3](PF6)2 was prepared from the anion metathesis reaction of 
[Ru(bpy)3]Cl2·6H2O with KPF6. The neutral [Ru(dcbH2)2(NCS)2] was fully deprotonated 
to form (TBA)4[Ru(dcb)2(NCS)2] using TBAOH similar to the method reported by 
Nazeeruddin et al.57 
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Nanocrystallites of TiO2 (anatase, ~15 nm in diameter) and ZrO2 (~15 nm in 
diameter) were prepared by hydrolysis of Ti(i-OPr)4 or Zr(i-OPr)4, respectively, using a 
sol-gel method previously described in the literature.58 The sols were cast as transparent 
mesoporous thin films by doctor blading onto glass microscope slides with the aid of 
transparent cellophane tape as a mask and spacer (~10 µm thick). The films were sintered 
at 450°C for 30 min under an atmosphere of O2 flow and either used immediately for 
surface attachment or stored in an oven for future use. The thin films were treated with 
aqueous base (pH 11) for ~15 min and rinsed with a 50:50 (v/v) mixture of CH3CN/tert-
butanol before sensitization in concentrated dyeing solutions. The sensitized thin films 
were then rinsed and stored in neat CH3CN prior to use. 
2.2.3 Spectroscopy. 
UV-Visible Absorption. Steady-state UV-visible (vis) absorption spectra were 
obtained on a Varian Cary 50 spectrophotometer at room temperature in 1.0 cm pathlength 
quartz or Pyrex cells. 
Infrared Absorption. Attenuated Total Reflectance (ATR) FTIR absorbance spectra 
were obtained using a Thermo Scientific Nicolet Nexus 670 spectrophotometer with a 
Golden Gate ATR accessory. The measurements were made under an N2 atmosphere and 
the spectra were averaged for 64 scans and background corrected with 4 cm-1 resolution. 
1H-NMR. The 1H-NMR spectra were obtained on a Bruker Avance 400 MHz 
instrument in CH3OD at room temperature (25.0°C) and calibrated to residual solvent 
peaks. 
Steady State Photoluminescence. Steady-state photoluminescence (PL) spectra 
were obtained with a Spex Fluorolog spectrophotometer equipped with a 450 W Xe lamp 
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or an argon ion laser for the excitation source. PL spectra of argon purged solutions were 
acquired at room temperature with photoluminescence detected at a right angle to the 
excitation beam. Quantum yields were measured versus Os(bpy)3
2+ in CH3CN as the 
standard (Φr = 0.005) using the optically dilute method.
59-60 Sensitized metal oxide thin 
films were measured by placing the glass film diagonally in a 1.0 cm square quartz cell, 
exciting 45° to the film surface, and monitoring from the front face of the sample. 
Temperature Dependent, Time Resolved Photoluminescence. Nanosecond time 
resolved PL data were acquired at a right angle to excitation with pulsed 450 or 500 nm 
laser light from a N2 dye laser (Photon Technologies International, GL301, Coumarin 450 
or 500 (Exciton)). Transient data was digitized on a computer-interfaced oscilloscope 
(LeCroy LT322) with 5 ns time resolution. Typically, 300 laser shots were averaged for 
each kinetic trace. For the temperature dependence studies, the sample temperature was 
maintained to ±0.1°C using a liquid nitrogen cryostat (UniSoku CoolSpek USP-203-B).  
Photolysis. Photolysis experiments were performed with the Spex Fluorolog 
spectrophotometer. Argon saturated samples were irradiated with light for 3 hours at an 
elevated temperature of +70.0°C which was maintained to ±0.1°C using a liquid nitrogen 
cryostat (UniSoku CoolSpek USP-203-B). 
2.2.4 Data Fitting. 
Kinetic data fitting and Arrhenius analyses were performed in Origin 8.5 with least-
squares error minimization accomplished using the Levenberg-Marquardt iteration 
method. Solution sample lifetimes were fit to single exponential decay kinetics over at least 
three half-lives, Equation (2.1). 
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𝐼(𝑡) = 𝐼0𝑒𝑥𝑝 (
−𝑡
𝜏𝑜𝑏𝑠
) + 𝑐 
(2.1) 
The temperature dependent lifetimes were converted to observed rates and fitted to 
the modified Arrhenius expression, Equation (2.2). Unless otherwise noted, the Arrhenius 
analyses were performed with only one activation energy term (n=1) as the inclusion of a 
second (n=2) did not improve the fit.  
1
𝜏𝑜𝑏𝑠










Representative absorption and photoluminescence spectra of the cis-Ru(bpy)2(X)2 
compounds dissolved in acetonitrile are shown in Figure 2.3. The fully deprotonated form 
of cis-Ru(dcbH2)2(NCS)2, (TBA)4[Ru(dcb)2(NCS)2] also known as N712, was studied in 
most detail for solubility reasons. The three compounds possess two MLCT absorption 
bands centered around 500 nm and between 340 – 380 nm as well as ligand centered π-π* 
transitions between 290 and 310 nm. Visible light excitation resulted in room temperature 
photoluminescence (PL). The PL maxima of cis-Ru(bpy)2(NCS)2 at 745 nm was similar to 
that of (TBA)4[Ru(dcb)2(NCS)2] which occurred around 725 nm. The PL maximum of cis-
Ru(bpy)2(CN)2 was blue-shifted in comparison to the isothiocyanate compounds and 
maximized at 680 nm; see Figure 2.3. The photophysical characteristics of the 
isothiocyanate and cyanide ligated compounds are given in Table 2.1 along with 
Ru(bpy)3
2+ and Os(bpy)3
2+ for comparison. All of the compounds studied exhibited low 




The isothiocyanate compounds were characterized via ATR-IR. A νCN = 2120 cm
-
1 and νCS = 768 cm
-1 were observed in good agreement with literature values for N-
coordinated isothiocyanate.49,57 Likewise, the cis-Ru(bpy)2(NCS)2 sample used in this 
study exhibited νCN = 2099 cm




 Had the S-coordinated isomer been 
present in an appreciable amount, lower energy stretches would have been expected with 
νCN ≈ 2056 cm
-1 and νCS ≈ 700 cm
-1.63 There was no evidence for the presence of the trans-
Ru(dcbH2)2(NCS)2 isomer that exhibits a characteristic UV-vis absorption spectrum.
64 
Furthermore, there is no literature precedence for formation of the trans-isomer by 
photoisomerization of cis-Ru(dcbH2)2(NCS)2. The N-/N-coordinated cis-isomer is the only 
reported isomer for the Ru(bpy)2(NCS)2 compound.
64  
The 1H-NMR analysis of cis-Ru(dcbH2)2(NCS)2 was in good agreement with 
previous studies. The 1H-NMR resonance at 9.58 ppm has been assigned to the N-/N-
coordinated isothiocyanate isomer that integrated to ~98-99% of the total concentration. 
Weak resonances at 9.92 and 9.51 ppm have been attributed to the S-coordinated isomers 
that comprised the remaining ~1-2% of the sample.63 
Pulsed light excitation of the compounds in acetonitrile yielded MLCT excited 
states that decayed to the ground state by a first-order kinetic model. The excited state 
lifetimes obtained at room temperature, τo, for the isothiocyanate compounds were 
comparable to Os(bpy)3
2+ ranging from 27 to 115 ns. The quantum yields for PL, ΦPL, were 
quantified by the optically dilute method with Os(bpy)3
2+* employed as the actinometer.59 
A reported ΦPL = 0.005 for Os(bpy)3
2+* in argon-saturated acetonitrile was utilized and any 




Figure 2.3. Absorption and photoluminescence spectra of cis-Ru(bpy)2(CN)2 (magenta, solid), cis-









The PL quantum yield for cis-Ru(dcb)2(NCS)2
4- was 3.5 x 10-3 in acetonitrile and 
2.0 x 10-3 in propylene carbonate, both values being slightly less than the reported value of 
5 x 10-3 for Os(bpy)3
2+ in acetonitrile and the measured value of 4 x 10-3 in propylene 
carbonate. The quantum yields for cis-Ru(bpy)2(NCS)2 and cis-Ru(dcbH2)2(NCS)2 were 
quite small, on the order of (5 – 7) x 10-4. In addition to having a longer excited-state 
lifetime of around 240 ns in both solvents studied, cis-Ru(bpy)2(CN)2 also exhibited a PL 
quantum yield between that of Ru(bpy)3
2+ and Os(bpy)3
2+ equal to 1.6 x 10-2. 
Manipulation of the sample temperature from -40.0°C to +70.0°C in acetonitrile 
and from -40.0°C to +100.0°C in propylene carbonate led to shorter observed excited state 
lifetimes as expected for thermal activation to upper excited states. The observed relaxation 






with respect to temperature could all be modeled with one activation parameter through an 
Arrhenius analysis. 
Two activation parameters were required to fit the Arrhenius data for 
(TBA)4[Ru(dcb)2(NCS)2], shown in Figure 2.4.A, which yielded activation energies of 
4620 cm-1 and 750 cm-1 with corresponding pre-exponential factors of 1.7 x 1015 s-1 and 
1.3 x 108 s-1, respectively. Similar results were obtained in propylene carbonate solution, 
although the activation energy values needed to be fixed for the function to converge. 
Specifying activation energies of 4620 and 750 cm-1, taken from the acetonitrile values, 
allowed the function to converge. The inset of Figure 2.4.B depicts the fitted data with pre-
exponential factors of 4.8 x 1015 s-1 and 9.7 x 107 s-1 that were in good agreement with the 
acetonitrile data. The temperature range for (TBA)4[Ru(dcb)2(NCS)2] in propylene 
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carbonate was restricted from -40.0°C to +70.0°C as irreversible photochemistry was 
observed at higher temperatures. 
The temperature-dependent relaxation rates are shown in Figure 2.5 and the 
excited-state decay parameters obtained from the Arrhenius analyses are collected in Table 
2.2. The Ru(bpy)3
2+ data yielded an activation energy around 4200 cm-1 while the 
Os(bpy)3
2+ value was approximately 420 cm-1, or about one tenth of the ruthenium value. 
The bpy-based compounds cis-Ru(bpy)2(X)2, where X is either NCS
- or CN-, exhibited 
temperature-dependent activation to only one upper excited state with activation energies 
less than 1000 cm-1. The fully deprotonated, tetraanionic (TBA)4[Ru(dcb)2(NCS)2] 
compound exhibited thermal population to two different upper excited states with one 
activation energy less than 1000 cm-1 and the other around 4600 cm-1 as described above.  
The sensitizer cis-Ru(dcbH2)2(NCS)2 was attached to base pretreated TiO2 and 
ZrO2, cis-Ru(dcb)2(NCS)2/TiO2 and cis-Ru(dcb)2(NCS)2/ZrO2. Under these conditions, 
steady-state PL was observed upon light excitation of the sensitized thin films. The PL 
spectrum measured for Ru(dcb)2(NCS)2/ZrO2 was in line with that expected for this 
sensitizer and was slightly broader than that observed in fluid solution. The cis-
Ru(dcb)2(NCS)2/TiO2 PL spectrum was red-shifted by 720 cm
-1 relative to cis-
Ru(dcb)2(NCS)2/ZrO2. The spectrum was also broadened in comparison with the solution 
data. Pulsed light excitation of cis-Ru(dcb)2(NCS)2/TiO2 led to a short-lived PL decay that 
was adequately described by a first-order kinetic model, see Figure 2.6.A. Temperature-
dependent lifetimes were analyzed from -40.0°C to +40.0°C with an activation energy of 





Figure 2.4. Time-resolved PL data measured after pulsed laser excitation of (TBA)4[Ru(dcb)2(NCS)2] 
in neat acetonitrile (A) and propylene carbonate (B) at the indicated temperatures. The insets depict 





Figure 2.5. Arrhenius comparisons in acetonitrile (A) and propylene carbonate (B) of the studied 
compounds. Ru(bpy)32+ (purple, diamond); cis-Ru(bpy)2(CN)2 (magenta, down triangle); cis-
Ru(dcb)2(NCS)24- (blue, up triangle); Os(bpy)32+ (black, circle); cis-Ru(bpy)2(NCS)2 (green, square); 









The PL decays of cis-Ru(dcb)2(NCS)2/ZrO2 obtained from -40.0°C to +70.0°C 
could not be adequately described by a first-order kinetic model and fit well to a 
biexponential model. The fast and slow kinetic components of the PL decays were analyzed 
using a global fit to the activation energy with independent k0 and k1 terms for each 
component yielding an activation energy of 890 cm-1, see Figure 2.6.B. The excite-state 
decay parameters from the Arrhenius analyses for cis-Ru(dcb)2(NCS)2/TiO2 and cis-
Ru(dcb)2(NCS)2/ZrO2 are collected in Table 2.3. The PL decay kinetics were found to be 
independent of the observation wavelength for both cis-Ru(dcb)2(NCS)2/TiO2 and cis-
Ru(dcb)2(NCS)2/ZrO2. 
Photolysis of (TBA)4[Ru(dcb)2(NCS)2] with 510 nm light was performed in 
acetonitrile at +70°C for three hours. After photolysis, the lowest energy MLCT maximum 
blue-shifted from 507 to 475 nm and decreased in intensity, Figure 2.7.A. Photolysis of 
Ru(dcb)2(NCS)2/TiO2 with 532 nm excitation under otherwise identical conditions did not 
lead to any significant change in the UV-Vis absorbance spectrum, Figure 2.7.B. 
 
2.4 Discussion 




*/TiO2 are summarized 
in Figure 2.8. The potential energy surfaces for the ground, thexi, and Franck-Condon 
(1FC) states were placed on the indicated electrochemical scale from previously reported 
data.33 It should be emphasized that the data provides the activation energy between states, 
not necessarily their absolute values. Therefore, the minima for the 4th MLCT and the LF 




Figure 2.6. Time-resolved photoluminescence decays of Ru(dcb)2(NCS)2/TiO2 (A) and 
Ru(dcb)2(NCS)2/ZrO2 (B) in neat acetonitrile baths. Insets show the Arrhenius analyses with activation 










Figure 2.7. Absorption spectra of (a) (TBA)4[Ru(dcb)2(NCS)2] and (b) Ru(dcb)2(NCS)2/TiO2 in 




The analysis implies that the activation energy for internal conversion from the thexi state 
to ligand field (LF) states increased when the compound was anchored to the 
semiconductor surface. Furthermore, under all conditions studied, the LF states were not 
as accessible to these MLCT excited states as the spectrochemical series would predict. 
Below the kinetic modeling is discussed from which the activational parameters were 
abstracted, followed by a discussion of the photophysical behavior in fluid solution and at 
metal oxide interfaces. 
2.4.1 Kinetic Modeling 
The detailed studies of Crosby and coworkers mentioned in the Introduction were 
performed for Ru(bpy)3
2+ immobilized in polymethylmethacrylate (PMMA) thin films 
from 4 to 350 K.2-3 Quantum yield and lifetimes data enabled the temperature dependence 
of both the radiative and the nonradiative rate constants to be quantified. Measurements 
below 5 K were required to resolve the three closely spaced electronic states that have 
significant Boltzmann population and behave as one state near room temperature. Since 
this pioneering work, there have been no subsequent studies of this scope. Far more 
common is to measure excited state lifetimes over a limited temperature range as is 
reported herein.5-6,65-69 With temperatures above the fluid-to-glass transition of the solvent, 


















Some researchers have elected to fix ko to a limiting value measured at lower 
temperatures.5,66 In these studies, this procedure was problematic as the lifetimes were 
temperature dependent over all ranges studied and fixing ko to discrete values led to 
quantitatively different activational parameters. The k0 value was therefore allowed to float 
in the minimization process. Equation (2.3) was found to satisfactorily fit all of the data 
described herein with only one exception in (TBA)4[Ru(dcb)2(NCS)2]* where a second 
activational process was needed. The activational energy reported in this chapter differs 
from that reported previously by Balzani and coworkers for cis-Ru(bpy)2(CN)2; their 
experimental data was in good agreement with the data reported here, but the kinetic 
analysis differed.32 
2.4.2 Fluid Solution 
The activational parameters abstracted from excited-state relaxation of Ru(bpy)3
2+* 
and Os(bpy)3
2+* were in good agreement with previously published data.5,68 Internal 




irreversible with pre-exponential factors of 1014 s-1 and Ea of 4200 cm
-1. For Os(bpy)3
2+*, 
the temperature range afforded by the acetonitrile or propylene carbonate solvents did not 
enable significant population of the ligand field states. Instead, a small temperature 
dependence was observed from which pre-exponential factors of 108 s-1 and Ea of 420 cm
-
1 were abstracted, parameters that are consistent with relaxation through the fourth MLCT 
excited state.5,68 
Excited state relaxation of cis-Ru(bpy)2X2 can, in principle, be predicted based on 
the data for Ru(bpy)3
2+* and the spectrochemical series.70 Replacement of one bpy ligand 
with two strong field CN- ligands would be expected to raise the energy of the LF states 
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and, assuming similar force constants, increase the activation energy. Indeed, at the highest 
temperatures utilized (+100 °C in propylene carbonate) there was no experimental 
evidence for thexi  LF internal conversion for cis-Ru(bpy)2(CN)2
* and excited state 
relaxation was very similar to that measured for Os(bpy)3
2+* with contributions from only 
the 4th MLCT excited state.  
Isothiocyanate is a weak field ligand positioned above the halides on the opposite 
end of the spectrochemical series with respect to cyanide.70 Therefore, one would expect 
the ligand field states to be readily accessible from the MLCT excited state of cis-
Ru(bpy)2(NCS)2. Surprisingly, this was not found to be the case and excited-state 
relaxation occurred through the fourth MLCT excited state. In fact, based on the 
spectrochemical series it is surprising in the first place that cis-Ru(bpy)2(NCS)2
*
 displays 
room temperature photoluminescence with a lifetime of ~30 ns because related compounds 
with stronger field pyridine ligands, that is, cis-Ru(bpy)2(py)2
2+*, are nonemissive at room 
temperature with short excited-state lifetimes and high quantum yields for photochemical 
ligand loss; behavior consistent with facile population of antibonding ligand field states.30-
31,71-73 In the vast literature of isothiocyanate coordination chemistry as an ambidentate 
ligand, NCS- is always considered a σ-donor with no π-accepting behavior.74-75 Some more 
recent data, however, suggest that this is not necessarily the case.76-80  
Schugar and coworkers noted that cis-Ru(bpy)2(NCS)2 displayed only a single νCN 
stretch.61 Similar behavior was recently reported for a series of compounds of the type cis-
Ru(LL)2(NCS)2.
77 The appearance of one single absorption band was surprising in two 
regards. First, a single IR absorption band was more consistent with the trans- form of the 
compound and the presence of an inversion center even though the geometry of these 
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compounds and those in the present study clearly was cis-. Second, both an antisymmetric 
and symmetric νCN stretches were expected, yet only the single band was observed. This 
has been rationalized on the basis of the importance of two different resonance structures 
shown in Figure 2.9.76-77 Backbonding into the π* orbitals of resonance structure A is 
approximately equivalent to backbonding to bipyridine which diminishes the energy 
separation between the anti-symmetric and symmetric νCN combinations. X-ray 
crystallographic data were analyzed to check for evidence of π backbonding of this nature 
in the solid state.61,78-80 The five crystal structures of cis-Ru(LL)2(NCS)2 compounds 
exhibit an average N-C bond length of 1.13 Å that is consistent with an N-C triple bond 
and inconsistent with π backbonding from the Ru center. However, the average C-S bond 
length from crystal data is 1.65 Å that is intermediate between a C-S single bond, 1.81 Å, 
and a C-S double bond, 1.55 Å.70 Therefore, the crystallographic data provides some 
support for the proposal that π backbonding into the nitrile portion of resonance structure 
A in Figure 2.9 is operative in the ground state. 
The above discussion suggests that NCS-  RuII backbonding may be more 
important in these compounds than the spectrochemical series predicts, at least in the 
ground electronic state. The ligand field strength in the excited state is potentially a more 
complicated issue. Upon light excitation, an electron is transferred from the Ru d-orbitals 
to the π * levels of the bpy ligand, Equation (2.4). 
 






The ligand field splitting parameter o is expected to be 30% larger for Ru
III than for 
RuII.70,81 However, the formal oxidation states are most relevant to the initial formed 
Franck-Condon excited state because intersystem crossing and vibrational relaxation 
transfer charge back to the metal center in the thexi state. Nevertheless, the excited state is 
more RuIII like than is the ground state. The appearance of absorption bands in the near 
infrared region for both the excited and oxidized state have been previously assigned as 
ligand-to-metal charge transfer absorptions and provide direct evidence for NCS-  Ru. 
Theoretical studies also indicated partial ‘hole transfer’ from the Ru to the sulfur atom in 
the isothiocyanate ligand.82-85 Furthermore, electrochemical measurements have shown 
that the isothiocyanate oxidation is proximate to the metal centered RuIII/II redox process.86 
The coordinated isothiocyanate ligand can be viewed as two resonance forms, 
Figure 2.9. Kaim has shown that upon oxidation of cis-RuII(LL)2(NCS)2, the decreased 
electron density at the ruthenium center promotes a structural conversion from A to B.77 
Indeed, recent time-resolved X-ray data indicates that the Ru-N(NCS) bond length 
decreases by 0.06 Å upon oxidation.87 This may represent the most significant inner-sphere 
reorganization in these compounds that display unusually small reorganization energies for 
MLCT excitation88 and excited-state electron transfer.36 
The inductive effect brought about by substitution of the bipyridine ligands in the 
4,4’- positions can rationalize the temperature dependence of cis-Ru(bpy)2(NCS)2, cis-
Ru(dcbH2)2(NCS)2, and (TBA)4[Ru(dcb)2(NCS)2]. The electron-withdrawing carboxylic 
acid groups stabilize the thexi state thereby increasing the thexi-LF energy gap. On the 








the smallest thexi-LF energy gap. It is for this reason that the LF state population was only 
observed for this excited state. 
2.4.3 Metal Oxide Interfaces 
Steady state photoluminescence was observed from cis-Ru(dcbH2)2(NCS)2 
anchored to mesoporous thin films of insulating ZrO2 and semiconducting TiO2, 
abbreviated Ru(dcb)2(NCS)2/MO2. The PL from Ru(dcb)2(NCS)2/TiO2 was enhanced by a 
pretreatment of the TiO2 thin films with aqueous base.
45-47 This treatment shifts the 
acceptor states in TiO2 negative on an electrochemical scale (i.e., toward the vacuum level). 
Previous studies on closely related sensitized materials have shown that this pretreatment 
lowers the excited state injection yield measured when the films are immersed in neat 
acetonitrile.89-90 Indeed under such conditions, the TiO2 behaves more like an insulator in 
that the MLCT excited state does not undergo efficient electron transfer and the 
photophysical behavior was very similar to that observed for Ru(dcb)2(NCS)2/ZrO2. 
Lateral intermolecular energy transfer is known to complicate kinetic analysis of 
MLCT excited-state relaxation on semiconductor surfaces.50-52 Energy migration leads to 
triplet-triplet annihilation reactions that are second-order in excited-state concentration. 
Monte–Carlo simulations were consistent with a (30 ns)-1 energy hopping rate for 
Ru(bpy)3
2+ type sensitizers.50 For the data presented in this chapter, excited-state decay 
was satisfactorily described by a first-order kinetic model, presumably because the 
irradiance was kept low and the short excited-state lifetimes resulted in inefficient energy 
transfer. 
Infrared measurements were consistent with previous studies that indicate all of the 




fully deprotonated compound, (TBA)4[Ru(dcb)2(NCS)2], is therefore a better model for the 
surface behavior than is cis-Ru(dcbH2)2(NCS)2. The key difference in excited-state 
relaxation observed in solution relative to the metal oxide surfaces was that there was no 
evidence for ligand field population at the oxide interfaces. Presumably, relaxation through 
the ligand field states had a much larger barrier for the metal oxide surface than it did in 
fluid solution. Indeed, previous studies have shown that entrapment of Ru(bpy)3
2+ in 
zeolites and polymers also resulted in an increased activation energy for LF state 
population.25-26,30-31,73,93 Population of the LF states results in an elongation of metal-ligand 
bonds that is restricted by the metal oxide surface. As a result, the excited states are 
expected to be more stable toward photochemical ligand loss when anchored to a TiO2 
nanocrystallite. 
In this regard, it is of interest to compare excited-state relaxation pathways of 
(TBA)4[Ru(dcb)2(NCS)2] with Ru(dcb)2(NCS)2/TiO2 in acetonitrile solution. The fraction 
of excited states that decay through each pathway are shown as a function of temperature 
in Figure 2.10.5,68 In fluid solution at +67 °C, excited state relaxation occurs with equal 
probability through the thexi, fourth MLCT, and LF states. In contrast, at the same 
temperature, 13% decay through the thexi state with 87% through the fourth MLCT state 
for Ru(dcb)2(NCS)2/TiO2. 
Consistent with this model, steady-state photolysis at the MLCT maximum showed 
very different behavior for the sensitizer in fluid solution and anchored to TiO2 thin films 
at +70°C. Photolysis of cis-Ru(dcb)2(NCS)2
4- in CH3CN at +70°C led to spectral changes 
consistent with ligand loss photochemistry. In contrast, excitation of Ru(dcb)2(NCS)2/TiO2 




Figure 2.10. The fraction of excited states that relax through the thexi (black), 4th MLCT (blue), and 
LF (red) states as a function of temperature for (a) cis-Ru(dcb)2(NCS)24- in CH3CN and (b) 
Ru(dcb)2(NCS)2/TiO2 thin film immersed in CH3CN. The dashed lines are predictions based on the 





The temperature-dependent lifetime data of cis-Ru(bpy)2(CN)2 and cis-
Ru(bpy)2(NCS)2 were well described by an Arrhenius model from which activation 
energies of 810 cm-1 and pre-exponential factors of ~108 s-1 were abstracted. By analogy to 
previously reported data for MLCT excited states, these activational parameters were 
attributed to population of a higher lying “fourth” MLCT excited state. Notably absent was 
the expected population of antibonding ligand field states for cis-Ru(bpy)2(NCS)2, 
behavior that was attributed to π–bonding into the NCS- ligand and partial charge transfer 
from the NCS- to the metal center in the excited state. The inductive influence of 
substituents in the 4 and 4’ positions of the bpy ligands was also quantified. The 
introduction of electron-withdrawing carboxylic acid groups in cis-Ru(dcbH2)2(NCS)2 
increased the energy gap between the thexi and LF states. Carboxylate groups in cis-
Ru(dcb)2(NCS)2
4- resulted in excited states that relaxed through the fourth MLCT and LF 
states. Excited state relaxation of the compound anchored to TiO2, Ru(dcb)2(NCS)2/TiO2, 
was through the thexi and fourth MLCT states without evidence for thexi  LF state 
internal conversion. Therefore, the temperature-dependent lifetime data predicted that 
Ru(dcb)2(NCS)2/TiO2 would be stable with regard to ligand loss photochemistry, a 
prediction that was supported by photolysis experiments at +70°C. This finding is also 
consistent with previous studies that attributed ligand loss photochemistry of 
Ru(dcb)2(NCS)2/TiO2 to the oxidized form of the compound
94-96 which has long been 
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Chapter 3. Electric Fields and Charge Screening 
in Dye Sensitized Mesoporous Nanocrystalline 
TiO2 Thin Films 
In part a compilation of two publications.1-2 
This work was collaborative in conjunction with Shane Ardo, † Renato N. 
Sampaio,†‡ and Timothy J. Barr† 
†Johns Hopkins University, Baltimore, Maryland 
‡Federal University of Uberlândia, Uberlândia, Brazil 
3.1 Introduction 
Charge transfer processes that occur at semiconductor-electrolyte interfaces are 
essential to the function of many technologies including organic light-emitting diodes 
(OLEDs),3 organic photovoltaics (OPVs),4-5 dye-sensitized solar cells (DSSCs),6-7 and dye-
sensitized photoelectrosynthesis cells (DSPECs).8 Since electric fields affect any process 
or electronic transition that involves the movement of charge, it is worthwhile to gain an 
understanding of the interfacial electric fields present in these devices.  
The 1991 Nature paper by Grätzel and O’Regan introduced the clever idea of 
utilizing mesoporous thin films of nanocrystalline TiO2 in photoelectrochemical cells.
9 The 
idea turned out to be revolutionary and created whole new fields of science based on energy 
conversion with nanometer-sized semiconductor materials.10-11 The nanometer length scale 
can result in very different photoelectrochemical behavior than that observed in bulk 
semiconductor materials. For example, in single crystal and thin film materials, electron-
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hole pairs are efficiently separated by a surface electric field (the ‘depletion’ or ‘space 
charge’ region) that is absent in weakly doped semiconductor nanocrystallites.12 In fact, 
the three bias conditions identified for single crystal semiconductor materials, i.e. 
depletion, inversion, and accumulation, are not particularly useful for quantifying or 
modelling the photoelectrochemistry of semiconductor nanocrystallites. In the case of dye-
sensitized solar cells (DSSCs), it has generally been assumed that any electric fields that 
might be present under steady-state illumination would be quantitatively “screened” from 
the surface anchored dye molecules by the large dielectric constant of TiO2, εr = 7 – 50;
13 
the high permittivity of acetonitrile, εr = 37;
14 and the half molar ionic strength.15-16 
Furthermore, it was thought that the reorganization of interfacial ions and solvent 
molecules would also screen photo-injected electrons under non-equilibrium conditions. 
The assumption of quantitative charge screening at sensitized TiO2 interfaces was 
proven to be incorrect in 2010, when Ardo et al. and Cappel et al. reported that electrons 
injected into TiO2 had a profound influence on the absorption spectrum of dye molecules 
anchored to the surface.17-18 The absorption changes measured after the injection of charge 
were similar to those previously reported in traditional Stark spectroscopic 
measurements,19-22 but were unidirectional due to the fixed orientation of the molecular 
dipole moment relative to the TiO2 surface. Therefore, their data provided compelling 
evidence for Stark effects, electroabsorption changes, at sensitized TiO2 interfaces. 
 
3.1.1 Traditional Stark Spectroscopy 
Traditional Stark (electroabsorption) spectroscopy was pioneered by Boxer for both 
electronic and vibrational transitions of chemical systems in the 1980s and 1990s.23-24 The 
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two characteristic parameters measured experimentally include the change in 
polarizability, Δα, and the change in dipole moment, Δµ, between the ground and excited 
states. Determination of Δα for a compound provides insight into the sensitivity of the 
corresponding transition to an external electric field. For example, Δα can be used to probe 
the local environment surrounding a molecule in biological systems.25-26 Although Δα can 
be significant for some systems, Δµ generally constitutes the largest component of 
experimentally observed Stark signals. This is particularly true for Ru(bpy)3
2+ since the 
ground state has no net dipole where the MLCT excited state, [RuIII(bpy-)(bpy)2]
2+*, has a 
significant dipole moment of ~12 D. The Δµ value is directly related to distance, r, by 
Equation (3.1): 
 
∆𝜇 = 𝑒⁡𝑟 (3.1) 
 
where e is the unit charge.23-24,27-28 Theoretical treatments of electroabsorption 
spectroscopy formulated by Liptay29 have been widely applied to experimental data and 
extended to inorganic compounds by Reimers and Hush.30 
Traditional electroabsorption spectroscopy experiments immobilize randomly 
oriented samples either in frozen solvent glasses or polymer thin films sandwiched between 
two parallel, optically transparent electrodes spaced 10 – 100 µm apart, Figure 3.1. The 
absorption change of the sample is then monitored using lock-in amplification techniques 
during the sinusoidal application of a large voltage, typically 0 – 10 kV. These applied 
voltages and sample thicknesses result in electric fields on the order of 1 MV/cm prior to 
dielectric breakdown.23-24  
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The measured electroabsorption spectra are subsequently interpreted in terms of a 
lineshape analysis using the Liptay treatment in order to quantify the parameters of interest. 
Possible lineshapes resulting from application of a uni-directional, applied electric field, 
Fz, on a chromophore are shown in Figure 3.2 for various orientations of Δµ with respect 
to Fz. In the absence of an applied electric field, there would be no perturbation to an 
electronic transition and this reference case is indicated by the gray lines. Application of 
an electric field oriented anti-parallel to Δµ of a chromophore would result in a blue-shift 
of the absorption spectrum compared to the reference case and would be observed 
experimentally as a first-derivative lineshape, blue lines in Figure 3.2. The opposite case, 
where Δµ is collinear with the electric field, would result in a red-shift of the absorption 
spectrum and also appear experimentally as a first-derivative lineshape but of different 
sign, red lines in Figure 3.2. However, it is experimentally difficult to align each molecule 
and isotropically oriented samples are used almost exclusively. The random orientation of 
Δµ with respect to the applied field is illustrated by the purple circle in Figure 3.2 and the 
observed electroabsorption spectra is effectively a sum of the other three cases. Therefore, 






Figure 3.1. Depiction of external electric field applied across parallel electrodes in a traditional sample for 
Stark spectroscopy (left) compared to the interfacial electric fields generated by electrons injected into 





Figure 3.2. Depiction of difference spectra lineshapes resulting from the application of an electric field 




Initial measurements on ruthenium polypyridyl compounds determined the extent 
of electron localization in their metal-to-ligand charge transfer (MLCT) and ligand-to-
metal charge transfer (LMCT) excited states. Boxer and Oh measured Δµ = 8.8 D for the 
454 nm MLCT transition of [RuII(bpy)3]
2+, a value corresponding to 65% of full charge 
transfer from the Ru(II) center to the bpy ligand. Discrepancy from 100% charge transfer 
character was attributed to electron polarization in the excited state.19 Experiments on 
related mononuclear ruthenium polypyridyl compounds yielded Δµ values spanning 1 to 
11 D.19,31-32 Electroabsorption spectroscopy has only been performed on a very small 
number of ruthenium polypyridyl compounds to date, but the evidence provided supports 
complete localization of the electron on a single ligand. 
Electroabsorption measurements were used to determine interfacial electron 
transfer distances of sensitized TiO2 nanocrystallites dispersed as colloids. Stark emission 
spectroscopy was used by Hupp and co-workers in 2002 to differentiate between electron 
injection from either locally excited or interfacial charge transfer states of eosin Y and 
Coumarin-343 attached to TiO2. Their system also allowed for determination of a back 
electron transfer distance of 3.9 eÅ that was attributed to an electron transfer from a 
localized TiO2 trap state to the oxidized dye molecule as opposed to the TiO2 conduction 
band.33 Brunschwig and co-workers provided further support for the involvement of TiO2 
trap states during electron transfer studies of TiO2 nanocrystallites sensitized with 
M(CN)n
4- compounds (M = RuII, FeII for n = 4; M = MoIV, WIV for n = 6), which form 
metal-to-particle charge transfer (MPCT) complexes. Experimentally determined charge 
transfer distances of 4.1 - 5.3 eÅ were independent of the TiO2 nanocrystallite diameter 
over a range of 2 to 20 nm.34-35 More recently, Zdyb and Krawczyk have examined small 
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organic molecules attached to TiO2 nanocrystallites that exhibit direct charge transfer 
absorption properties. A new band appears at 438 nm in the absorption spectrum of 
catechol after attachment to TiO2 which is associated with Δµ = 15.7 D. Although the size 
of the nanocrystallites were not reported, the Δµ for catechol yields a short charge transfer 
distance of 2.9 eÅ.36 Electroabsorption spectroscopy of anthracene-9-carboxylic acid 
adsorbed onto TiO2 was performed in acidic and basic aqueous solutions. The measured 
Δµ changed from 2 – 3 D under basic conditions and increased to 7 – 10 D in acidic 
solutions. The difference in Δµ was attributed to pH dependent binding modes of 
anthracene-9-carboxylic acid and differences in their electron injection efficiency.37 Taken 
together, these results indicate that direct charge injection from the metal center localizes 
on an acceptor orbital (i.e. trap state) located on a single or a few Ti(IV) centers located 
near the point of attachment and does not delocalize into the conduction band. 
The data highlighted above illustrate the use of traditional electroabsorption 
measurements for description of the MLCT states of ruthenium polypyridyl compounds. 
Furthermore, determination of Δµ for colloidal TiO2 suspensions provides a physical 
description of the molecular entities involved in electron transfer reactions at sensitized-
TiO2 interfaces. 
 
3.1.2 Electric Fields Generated at the Sensitized TiO2 Interfaces 
The initial reports of a Stark effect present at sensitized TiO2 interfaces by Ardo et 
al. and Cappel et al. were based on analogy to the traditional electroabsorption 
spectroscopy data.17 In the work by Ardo et al., a large, first-derivative lineshape was 
observed for ruthenium polypyridyl compounds following excited state electron injection 
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on mesoporous, nanocrystalline TiO2 thin film samples. With some assumptions, the 
spectral shifts reported directly on the magnitude of the electric field that was found to be 
substantial, on the order of 2.7 MV/cm. It was determined that injected electrons generate 
an electric field that emanates from the TiO2 nanocrystallites normal to the surface, Figure 
3.1. Co-sensitization of TiO2 thin films with different ruthenium polypyridyl compounds 
allowed for selective excitation of one compound and showed that compounds not 
associated with excited-state injection also exhibited spectral shifts. Although the Stark 
effect was observed immediately after pulsed laser excitation, < 10 ns, during transient 
absorption experiments, the electric field was rapidly screened by solvent molecules and 
the electrolyte, termed interfacial ionic reorganization. Spectroelectrochemical studies 
performed under steady-state conditions in the presence of high ionic-strength electrolyte 
solutions exhibited difference spectra comparable to those observed during transient 
measurements.17 
Complementary work by Cappel et al. provided evidence for the Stark effect at 
sensitized TiO2 using two organic sensitizers. In order to determine the electroabsorption 
properties of the organic sensitizers, a modified electroabsorption apparatus was built. 
Instead of using a traditional, randomly oriented sample, a monolayer of sensitizer was 
adsorbed onto dense, planar TiO2 fabricated on a conductive glass substrate. Application 
of an external electric field resulted in a first-derivative lineshape in the electroabsorption 
spectra consistent with alignment of the sensitizers at the TiO2 surface. The observed value 
of Δµ = 1 D was small compared to the theoretical value of 7.1 D obtained from time-
dependent density functional theory (TD-DFT) calculations. The deviation was attributed 
to a small angle between the surface and the molecules that oriented them almost parallel 
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to the surface. The authors noted that the Δµ value could be smaller than expected if the 
TiO2 surface was not perfectly flat. The photoinduced absorption spectra (PIA) of the 
indoline D149 dye attached to TiO2 thin films under solar cell conditions was similar to 
the electroabsorption spectra.18 
One important concern raised by these studies was the idea that the 
electroabsorption changes generated by interfacial electric fields can influence the 
interpretation of kinetic data obtained from transient absorption spectroscopy. Spectral 
signatures of the Stark effect have been observed following electron injection from 
ruthenium polypyridyl compounds into conductive Sn-doped In2O3 (ITO) nanoparticles;
38 
for ruthenium polypyridyl compounds anchored to TiO2 through phosphonate linkages in 
aqueous solution;39 and in solid-state DSSCs (ssDSSCs) using triarylamine-substituted 
perylene monoimides, fullerenes, or acenequinones as organic sensitizers.40-42 Using the 
spectroscopic Stark signal associated with organic sensitizers attached to metal oxide thin 
films, Lenzer and co-workers were able to determine the time scale for interfacial electric 
field generation. Following ultrafast electron injection, <250 fs, of the organic indoline dye 
D149 on ZnO and TiO2 thin films, a non-instantaneous Stark signal was observed for 
injected electrons and oxidized sensitizer. In fact, the Stark signature actually increased in 
intensity following pulsed excitation which was attributed to the build-up of a local electric 
field and characterized by a time constant of ~20 ps.43 Similar results were observed for 
the triarylamine-based D35 and E6 sensitizers which displayed biphasic growth of the 
Stark effect characterized by 0.2 and 12 ps time constants.44-45 The transient increase of the 
Stark signal was attributed to reorientational motion of the sensitizers in response to the 
interfacial electric field and non-uniform alignment of the sensitizers on the surface. 
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Diffusion of electrons from surface trap states into the bulk was invoked to explain the 
decay of the Stark signal occurred on the ns timescale prior to charge recombination. 
 
3.1.3 Future Directions and the Impact of Lewis Acidic Cations 
It remains unclear whether surface electric fields or charge screening is relevant to 
power conversion in DSSCs. The spectral shift of the dye molecules is generally small and 
does not appreciably change the light harvesting efficiency of the sensitized thin film. 
Likewise, the potential drop experienced by the dye molecules represents a fairly small 
value of ~ 40 mV that corresponds to only about 5% of the open circuit photovoltages 
reported for gold standard DSSCs.17 In fact, charge screening may have a deleterious 
influence on energy conversion efficiencies with anionic redox mediators like I-/I3
-. 
Synonymous to increasing the width of the space-charge layer in bulk semiconductor solar 
cells, increasing the Debye length for charge screening at the semiconductor electrolyte 
interface should aid in the generation of even further spatially separated and longer-lived 
anionic charges, i.e. TiO2(e
-)s and I3
-, and hence improve solar conversion efficiencies. 
While speculative, fundamental studies of surface electric fields and charge screening may 
provide new insights into the fabrication of superior DSSCs. Such studies are also of 
intellectual interest in their own right. 
An intriguing observation from previous research was that following pulsed laser 
excitation of sensitized TiO2 thin films immersed in an acetonitrile electrolyte, the 
magnitude of the Stark effect decreased over time periods in which the TiO2(e
-) 
concentration was constant. This behavior was attributed to the reorganization of interfacial 
ions and solvent molecules responding to photo-injected TiO2(e
-)s and to diffusion of 
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electrons away from the TiO2 surface after injection.
17,43-46 While screening of this type is 
well known in the electrochemical and photo-electrochemical literature,15-16,47-50 this 
chapter presents the first measurements to probe the dynamics of this process on short time 
scales. It was found that the kinetics for charge screening were sensitive to whether Mg2+ 
or Li+ cations were present in the electrolyte, see the Appendix to this chapter.51 The study 
of [Ru(dtb)2(dcb)](PF6)2, where dtb is 4,4′-(tert-butyl)2-2,2′-bipyridine and dcb is 4,4′-
(CO2H)2-2,2′-bipyridine, was utilized as the compound is a particularly sensitive probe of 
the surface electric field, Figure 3.3. In this chapter the charge screening studies were 
expanded to include Na+ and Ca2+. The inclusion of these ions influenced the screening 











The following reagents and substrates were used as received from the indicated 
commercial suppliers: acetonitrile (CH3CN; Burdick & Jackson, spectrophotometric 
grade); deionized water; lithium perchlorate (LiClO4; Sigma-Aldrich 99.99%); sodium 
perchlorate (NaClO4; Sigma-Aldrich, 99%); magnesium perchlorate (Mg(ClO4)2; Sigma-
Aldrich, ACS Reagent); calcium perchlorate tetrahydrate (Ca(ClO4)2·4H2O; Sigma-
Aldrich, 99%); tetra-n-butylammonium perchlorate (TBAClO4; Aldrich, ≥99.0%); tetra-n-
butylammonium iodide (TBAI; Fluka, ≥99.0%); argon gas (Airgas, >99.998%); oxygen 
gas (Airgas, industrial grade); titanium(IV) isopropoxide (Sigma-Aldrich, 97%); fluorine-
doped SnO2-coated glass (FTO; Hartford Glass Co., Inc., 2.3 mm thick, 15Ω/□); and glass 
microscope slides (Fisher Scientific, 1mm thick). [Ru(dtb)2(dcb)](PF6)2 was available from 
previous studies.17 
3.2.2 Preparations. 
Transparent TiO2 nanocrystallites (anatase, ~15 nm in diameter) were prepared by 
acid hydrolysis of Ti(i-OPr)4 using a sol-gel method previously described in the literature.
52 
The sols were cast as transparent mesoporous thin films by doctor blading onto glass 
microscope slides for spectroscopic measurements and transparent FTO conductive 
substrates for electrochemical measurements with the aid of transparent cellophane tape as 
a mask and spacer (~10 µm thick). The films were sintered at 450 ºC for 30 minutes under 
an atmosphere of O2 flow and either used immediately or stored in an oven for future use. 
Sensitization was achieved by immersing the thin films in acetonitrile sensitizer solutions 
(mM concentrations) for hours to days depending on the desired surface coverage. Unless 
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otherwise noted, the thin films were sensitized to roughly maximum surface coverage, Γ ~ 
7 x 10-8 mol/cm2, which was determined using a modified Beer-Lambert law, Equation 
(3.2),53 
 
Abs = 1000 x Γ x ε (3.2) 
 
where ε is the molar decadic extinction (absorption) coefficient (16,400 M-1cm-1 at 465 
nm) that was assumed to have the same value when anchored to the surface. Sensitized 
films were soaked in neat acetonitrile for at least one hour prior to experimentation. 
3.2.3 Spectroscopy. 
UV-Visible Absorption. Steady-state UV-Visible absorption spectra were obtained 
on a Varian Cary 50 or an Agilent Cary 60 spectrophotometer at room temperature in 1.0 
cm path length quartz cuvettes. Sensitized TiO2 thin films were positioned at a 45º angle 
in cuvettes filled with the indicated acetonitrile solutions. The solutions were purged with 
argon gas for a minimum of 30 min prior to transient absorption and spectroelectrochemical 
studies. 
Photoluminescence. Steady-state photoluminescence (PL) spectra were obtained 
with a Spex Fluorolog spectrophotometer equipped with a 450 W Xe lamp for the 
excitation source. PL spectra of sensitized thin films were obtained under ambient 
conditions at room temperature with excitation 45º to the surface and detection from the 
front face of the sample. Quenching experiments were performed by obtaining the PL 
spectrum of the sensitized thin film in neat solvent and after replacement of the neat solvent 
with the electrolyte solution of interest. 
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Transient Absorption. Nanosecond transient absorption measurements were 
obtained with an apparatus similar to that which has been previously described in the 
literature.54 Briefly, samples were excited by a Q-switched, pulsed Nd:YAG laser (Quantel 
USA (BigSky) Brilliant B; 5-6 ns full width at half-maximum (fwhm), 1 Hz, ~10 mm in 
diameter) tuned to 532 nm with the appropriate nonlinear optics. The excitation fluence 
was measured by a thermopile power meter (Molectron) and was typically 1-5 mJ/pulse so 
that the absorbed fluence was typically <1 mJ/pulse. A 150 W xenon arc lamp served as 
the probe beam and was aligned orthogonal to the laser excitation light. The lamp was 
pulsed with 100 V for detection at sub-100 microsecond time scales. Detection was 
achieved with a monochromator (Spex 1702/04) optically coupled to an R928 
photomultiplier tube (Hamamatsu). Appropriate glass filters were positioned between the 
probe lamp/sample and the sample/detection monochromator. Transient data was acquired 
with a computer-interfaced digital oscilloscope (LeCroy 9450, Dual 350 MHz) with an 
overall instrument response time of ~10 ns. Typically, 30 laser pulses were averaged at 
each observation wavelength over the range 400 – 750 nm, at 3 or 5 nm intervals. Full 
spectra were generated by averaging 2-10 points on either side of the desired time value to 
reduce noise in the raw data. For single wavelength measurements, 90-180 laser pulses 
were typically averaged to achieve satisfactory signal-to-noise ratios. Relative excited-state 
electron injection yields were measured by comparative actinometry on the nanosecond 





A potentiostat (Bioanalytical Scientific Instruments, Inc. (BAS) model CV-50W or 
EC Epsilon electrochemical analyzer) was employed for electrochemical measurements in 
a standard three-electrode arrangement with a TiO2 thin film working electrode, a Pt gauze 
counter electrode (BAS), and a non-aqueous silver reference electrode (BAS). The 
ferrocenium/ferrocene (Fc+/0) half-wave potential was measured both before and after 
experiments in a 100 mM TBAClO4/acetonitrile electrolyte that was used as an external 
standard to calibrate the reference electrode. All potentials are reported versus the normal 
hydrogen electrode (NHE) through the use of a conversion constant of -630 mV from NHE 
to Fc+/0 in acetonitrile at 25 ºC.57  
Spectroelectrochemistry was conducted via simultaneous application of an applied 
potential while monitoring the UV-vis absorption spectra of TiO2 thin-film electrodes in 
the indicated electrolytes. Each applied potential was held for 2-3 min, until the absorbance 
in the 700-900 nm region became invariant in time. Single-wavelength absorption features 
plotted as a function of the applied potential were proportional to the cumulative 
formation/loss of states; for the TiO2(e
-) absorption features, this was directly related to the 
cumulative TiO2 density of acceptor states.
58 
Spectroelectrochemical charge extraction measurements were performed on un-
sensitized TiO2 thin films to obtain the extinction coefficient of the TiO2(e
-)s. In these 
experiments, the absorbance at 700 nm was recorded as the potential was stepped from 
+200 mV to increasingly negative values. The charge present in the film was measured 
coulometrically after stepping the potential back to the original +200 mV value. 59-61 The 
absorption values were corrected for the 45º angle of the thin film in relation to the optical 
path. Each charge extraction cycle was repeated 3 times at each monitored wavelength. 
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3.2.5 Data Analysis 
Kinetic data fitting and spectral modeling were performed in Origin 9.0 with least-
squares error minimization accomplished using the Levenberg-Marquardt iteration 
method.  
3.3 Results 
Thin films of TiO2 on glass substrates were reacted with Ru(dtb)2(dcb)
2+, 
abbreviated Ru(dtb)2(dcb)/TiO2, in acetonitrile solutions to a maximum surface coverage, 
Γ~7 x 10-8 M-1 cm2.17 Representative absorption spectra of Ru(dtb)2(dcb)/TiO2 immersed 
in neat acetonitrile and 100 mM perchlorate acetonitrile solutions are shown in Figure 
3.4.A. The Ru(dtb)2(dcb)/TiO2 samples exhibit a metal-to-ligand charge transfer (MLCT) 
absorption band centered at 465 nm in neat acetonitrile and the fundamental TiO2 
absorption below 380 nm. The spectrum measured in neat acetonitrile and in 100 mM 
TBAClO4 (where TBA is tetra-n-butylammonium) were, within experimental error, the 
same. Replacement of the neat acetonitrile solvent bath with 100 mM metal perchlorate 
salt acetonitrile electrolytes resulted in a bathochromic shift, the magnitude of which was 
dependent on the cation. The MLCT absorption shifts to ~480 nm for monovalent cations, 
Li+ and Na+, and to ~486 nm for divalent cations, Mg2+ and Ca2+, shown in Figure 3.4.A. 
Visible light excitation of the MLCT absorption band resulted in room temperature 
photoluminescence (PL), shown in Figure 3.4.B. In neat acetonitrile, Ru(dtb)2(dcb)/TiO2 
exhibited a PL maximum at 665 nm. Upon replacement of the neat solvent with 100 mM 
metal perchlorate electrolytes: the PL maximum red-shifted and the PL intensity was 
quenched to varying extents dependent on the nature of the cation. The corresponding 
quantities are compiled in Table 3.1. 
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Electrochemical reduction of un-sensitized TiO2 thin films resulted in a blue shift 
of the fundamental absorption and the appearance of a broad absorption in the visible 
region. When measured as difference spectra, the blue shift of the fundamental absorption 
appears as a bleach, the magnitude of which was sensitive to the identity of the cation, 
Figure 3.5. Charge extraction experiments were performed on un-sensitized TiO2 thin films 
to determine the molar extinction coefficients of the TiO2(e
-) absorption band in each of 
the four metal perchlorate electrolytes. The absorption at 700 nm was monitored while the 
applied potential was stepped from 200 mV to -400 mV for 65 s and then was returned to 
the initial 200 mV potential, Figure 3.6. The absorption was corrected for the 45º angle of 
the thin film relative to the optical path. Plotting the corrected absorbance versus the 
extracted charge from the film allowed for determination of the molar extinction coefficient 
from the slope of a linear fit to the data, shown in Figure 3.7. The extinction coefficient 
was within experimental error independent of the electrolyte and determined to be 
ε(TiO2(e
-)) = 930 ± 50 M-1cm-1. The application of more negative potentials, i.e. < -1.2 V, 
resulted in new absorption features that were not studied in detail due to irreversible 
absorption changes, Figure 3.8.  
In order to understand the ground-state behavior, spectroelectrochemistry was 
performed on sensitized TiO2 thin films in 100 mM metal perchlorate acetonitrile 
electrolytes. Application of a positive applied potential resulted in spectral changes 
consistent with the oxidation of RuII to RuIII, shown in Figure 3.9. The equilibrium potential 
where the concentration of RuII and RuIII were equal was taken as the Eº(RuIII/II) reduction 





Figure 3.4. Steady-state UV-Vis absorbance (A) and photoluminescence (B) spectra of Ru(dtb)2(dcb)/TiO2 





Figure 3.5. Difference spectra of un-sensitized TiO2 thin films in 100 mM metal perchlorate acetonitrile 
solutions. (A) Spectra obtained with an applied bias of -400 mV vs. NHE. (B) Normalized spectra obtained 
at either -500 mV (Li+, Mg2+, and Ca2+) or -800 mV (Na+). The insets show close-ups of the 340 – 450 nm 






Figure 3.6. Representative spectroelectrochemical charge extraction data for un-sensitized TiO2 in 100 
mM metal perchlorate electrolytes. The change in absorbance at 700 nm was monitored with applied 





Figure 3.7. Absorbance as a function of the charge extracted from un-sensitized TiO2 thin films immersed 
in 100 mM metal perchlorate acetonitrile solutions. The black line indicates the best fit to the data which 





Figure 3.8. Absorbance spectra of un-sensitized TiO2 thin films immersed in 100 mM metal perchlorate 
acetonitrile solutions with relatively small negative applied bias, > -1.2V, (dashed lines) and under strongly 




Table 3.1. Photophysical and electrochemical properties of Ru(dtb)2(dcb)/TiO2 in 100 mM metal 














where x is the fraction of molecules in each oxidation state, Eapp is the applied potential, 
and α is the ideality factor. Knowledge of Eº(RuIII/II) allowed for the estimation of the 
reducing power of the excited state which was calculated through a free energy cycle using 
Equation (3.4): 
 
𝐸0(RuIII/II∗) = 𝐸0(RuIII/II) − ∆𝐺𝐸𝑆 (3.4) 
 
where ΔGES is the Gibbs free energy stored in the MLCT excited state determined by a 
tangent line extrapolation back to zero intensity on the high energy side of the PL spectrum. 
The formal reduction potentials and ideality factors are summarized in Table 3.1. 
Application of a forward (negative) bias resulted in reduction of TiO2 that was 
monitored by the characteristic broad absorption features from 400 to 900 nm attributed to 
TiO2(e
-)s. Concomitant with the TiO2(e
-) absorption, the MLCT absorption band blue-
shifted. Both of these spectral features are evident in Figure 3.10 for a Ru(dtb)2(dcb)/TiO2 
thin film in 100 mM LiClO4 acetonitrile solution with an applied bias ranging from 150 to 
-750 mV vs. NHE. The normalized spectroelectrochemical absorption spectra are shown 
in Figure 3.10.A. and after subtraction of the contributions from TiO2(e
-)s in Figure 3.10.B. 
Difference spectra of these same data are shown in Figure 3.10.C. and D. 
The electric field experienced by the surface-bound sensitizers as a function of the 
applied potential bias was calculated using both peak-to-peak and first-derivative analysis 
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methods and are compared in the insets of Figure 3.10.A. and B. For the peak-to-peak 
analysis, the electric field was calculated using Equation (3.5): 
 
Δ𝜐 = −





where h is Planck’s constant, c is the speed of light in a vacuum,⁡Δ𝜐 is the change in 
spectroscopic peak maximum (in wavenumbers), Δ?⃗? is the change in dipole moment vector 
between the ground and excited state, ?⃗? is the electric field vector, and θ is the angle 
between the latter two quantities. With the assumption of θ = 180º and Δ?⃗? = 4.75 D,19,46 
the electric field can be calculated at each applied bias. Similarly, the first-derivative 










where⁡Δ𝐴 is the difference spectrum, or delta absorbance, and 
𝑑𝐴
𝑑𝜈
 is the first derivative of 
the absorbance spectrum (in wavenumbers).18 The electric field calculated using both the 
peak-to-peak analysis and the first-derivative analysis were in good agreement, as seen in 






Figure 3.9. Spectroelectrochemical absorbance spectra of Ru(dtb)2(dcb)/TiO2 oxidation obtained in 100 
mM electrolytes containing (A) Li+, (B) Na+, (C) Mg2+, or (D) Ca2+. Insets depict sigmoidal fits to the 
fraction of RuII (black squares) or RuIII (colored circles) present where E1/2 is given by the equilibrium 





Figure 3.10. Spectra of a potentiostatically controlled Ru(dtb)2(dcb)/TiO2 film in 100 mM LiClO4 
acetonitrile solution (A); and after subtraction of the long-wavelength TiO2(e-) absorption (B). The 
difference spectra for the data shown in A and B are given in C and D, respectively. The insets in A and 
B indicate the electric field strength calculated by two different analyses. The spectra in dark blue were 
recorded at +150 mV and spectra recorded at more negative potentials (up to -750 mV) are indicated in 




The electric field experienced by the surface-bound sensitizers was calculated using 
the electron corrected spectra and the first-derivative method for all four cations and is 
shown in Figure 3.11 as a function of the applied potential (A) and the estimated electron 
concentration per TiO2 nanoparticle (B). The latter was calculated by converting the 
applied potential to the number of TiO2(e
-)s per 15 nm diameter particle through the 
measured absorbance and Beer’s law using the measured extinction coefficient and the 
effective optical path length for a 10 µm thick film of 50% porosity.62 For example, in 100 
mM metal perchlorate solution where ε = 930 cm
-1, an absorbance of 0.010 would 
correspond to 16 TiO2(e
-)s/particle with Equation (3.7):  
 
𝐴𝑏𝑠 = ⁡𝜀⁡ × 𝑙 × 𝑐(𝑇𝑖𝑂2(𝑒












The relative injection yields were measured by comparative actinometry 100 ns 
after pulsed 532 nm light excitation of Ru(dtb)2(dcb)/TiO2 in 100 mM metal perchlorate 
acetonitrile solutions.22 The yields were within experimental error unity for Li+, Mg2+, and 
Ca2+ and found to be 0.95 for Na+.  
Pulsed light excitation into the MLCT absorption band of Ru(dtb)2(dcb)/TiO2 thin 
films immersed in 100 mM metal perchlorate solutions with 250 mM of 
tetrabutylammonium iodide, present to regenerate the sensitizer, generated long-lived 
charge separated states, comprised of TiO2(e




Figure 3.11. Electric field experienced by Ru(dtb)2(dcb)/TiO2 in acetonitrile solutions containing 100 
mM Li+, Na+, Mg2+, or Ca2+ as a function of: (A) the applied potential and (B) the number of TiO2(e-)s 




Representative transient absorption spectra shown in Figure 3.12 were obtained 2.5 
μs after laser excitation, a delay time chosen to ensure that all sensitizers had been 
regenerated and all iodide oxidation chemistry was complete. The transient absorption 
spectra exhibit: (1) small absorption features from 400 – 425 nm, attributed to formation 
of triiodide; (2) a first-derivative shaped feature centered around 485 nm, attributed to the 
TiO2(e
-)-induced Stark effect; and (3) absorption from 600 – 750 nm, attributed to TiO2(e
-
)s. Care was taken to adjust the incident irradiance such that the long wavelength absorption 
measured 2.5 µs after the laser excitation was the same under all conditions, such that the 
number of TiO2(e
-)s was constant. The transient absorption spectra were modeled with 
first-derivatives of the ground-state absorption spectra, shown in Figure 3.13, and the 
electric fields calculated using Equation (3.6) are collected in Table 3.2. 
Single-wavelength absorption changes monitored at wavelengths characteristic for 
TiO2(e
-)s and the Stark effect were quantified over seven orders of magnitude, from 100 
ns to 1 s, shown in Figure 3.14. The observed kinetics were non-exponential, but well-
modeled by the Kohlrausch-Williams-Watts (KWW) stretched exponential function, 
Equation (3.8):  
 
I(t) = I0 exp[(-kt)
β] (3.8) 
 
where I0 is the initial amplitude, k is a characteristic rate constant, and β is inversely 
proportional to the width of an underlying Lévy distribution of rate constants, 0 < β < 1.17,63 
The data were fit with β fixed to a value of 0.2 and the abstracted rate constants were kLi+, 
Na+ = 5 x 10
4 s-1 and kMg2+, Ca2+ = 5 x 10




Figure 3.12. Transient absorption spectra obtained 2.5 μs after pulsed 532 nm excitation of 
Ru(dtb)2(dcb)/TiO2 in acetonitrile electrolyte solutions containing 100 mM of the indicated 






Figure 3.13. Transient absorption spectra of Ru(dtb)2(dcb)/TiO2 obtained 2.5 µs after 532 nm laser 
excitation immersed in 0.25 M TBAI with 0.1 M of A) LiClO4, B) NaClO4, C) Mg(ClO4)2, and D) 












Figure 3.14. Single-wavelength transient absorption kinetic data of Ru(dtb)2(dcb)/TiO2 in 
acetonitrile electrolyte solutions containing 100 mM of the indicated perchlorate salts with 250 
mM tetra-n-butylammonium iodide measured at 750 nm, primarily TiO2(e-)s, and ~500-510 nm, 
the maximum of the Stark effect bleach (A). The normalized kinetics for the Stark effect bleach 
are shown in (B). Overlaid in black are fits to the KWW function over the time period indicated 





The nature of the cations present in 100 mM acetonitrile electrolytes surrounding a 
Ru(dtb)2(dcb)/TiO2 sensitized thin film were varied to test whether they had an influence 
on the surface electric field and the dynamics of interfacial charge screening. This was 
indeed realized and both the kinetics and the electric field were found to be acutely 
sensitive to the nature of the cation. As is often found to be the case in studies of sensitized 
materials, the alteration of this one cation variable influenced many properties of the 
sensitized material including the absorption and photoluminescence spectra, ground state 
reduction potentials, and the excited state injection yields. The origin(s) of these spectral 
changes are described first followed by a description of the electric field strengths and 
charge screening behavior. 
3.4.1 Cation Dependent Spectroelectrochemical Properties. 
The adsorption of ions on semiconductor surfaces is known to have a strong 
influence on the valence and conduction band edge positions. A well-documented example 
for metal oxide semiconductors in aqueous solution is the 59 mV shift of the band edges 
that accompanies a factor of ten change in the proton concentration.58,64-65 The surface 
adsorption of alkali and alkaline earth metal cations can have similar effects and are hence 
sometimes referred to as ‘potential determining ions’.66-69 In general, cation adsorption 
shifts the band edge positions positive on an electrochemical scale away from the vacuum 
level. High efficiency dye-sensitized solar cells (DSSCs) utilize anatase TiO2 in non-









For example, the conduction band edge position has been reported to be -2.1 V vs. 
SCE in 1.0 M TBAClO4, where the tetrabutylammonium (TBA) cation was reasonably 
asserted to interact only weakly with the TiO2 surface, and shifted 1.1 V positive when 
Lewis acidic Li+ cations were present.66 Similar shifts have been reported in other non-
aqueous solutions.67,70 The cation concentration dependence of these shifts is often non-
linear and generally one needs to determine the values experimentally under conditions 
most relevant to the DSSC. 
Spectro-electrochemistry has been widely utilized to characterize the acceptor 
states of the mesoporous anatase TiO2 thin films used in DSSCs.
6,61,71 Reduction of TiO2 
results in a black coloration as well as a blue shift of the fundamental absorption. For a 
given cation, the measured spectra were normalizable over the potential range that was 
investigated, 0.0 to -1.0 V vs. NHE, Figure 3.5. The extinction coefficients were calculated 
from the measured absorption spectra and the amount of change present in the film as was 
determined by the charge extraction technique of un-sensitized TiO2.
59-61 The value 
measured at 700 nm of  = 930 + 50 M-1 cm-1 were within experimental error the same and 
in good agreement with previously published values, Figure 3.7.61,70,72 
While the coloration associated with TiO2 reduction is well known, an assignment 
of the underlying electronic transition(s) is not. The blue shift of the fundamental 
absorption has been attributed to both an electric field16,73-74 and a band – filling, i.e. a 
Burstein-Moss shift, effect.70-71,75 There is no consensus on which is correct. Under 
moderate reduction potentials, the long wavelength absorption displays no clear peak out 
to 1100 nm. The lack of a maximum and the high extinction coefficient are inconsistent 
with assignment as a ligand field (t2g  eg




3+, max = 475 nm and  = 5 M
-1 cm-1.76 This implies that the long 
wavelength TiO2 absorption has some intervalence Ti
IV/III character and/or results from 
electronic transitions that are not easily reconciled on a molecular level. All the unsolvated 
cations under study are small enough to intercalate into the (101) anatase TiO2 lattice where 
they could inductively interact with Ti centers throughout the nanocrystallite.66,70,77-81 
Under strongly reducing conditions, new absorption features arise that were clearly 
dependent on the nature of the cation present, Figure 3.8. The spectra measured in a Li+ 
electrolyte were consistent with the known spectrum of the fully intercalated Li0.5TiO2 
phase.70,82 Strong reduction in the presence of the other cations may also lead to intercalated 
phases, however this was not studied in as much detail as such conditions were found to 
irreversibly change the TiO2 material as evidenced by significant hysteresis in absorption 
vs. applied potential scans. 
Application of a sufficiently positive potential to a Ru(dtb)2(dcb)/TiO2 thin film 
resulted in absorption changes consistent with oxidation of Ru(II) to Ru(III). The 
electrochemistry itself was non-Nernstian and the equilibrium potential where the 
concentrations of the two redox states were equal was taken as an estimate of the formal 
Eo(RuIII/II) reduction potential. The formal reduction potentials were about 50 mV more 
positive with the dicationic Mg2+ and Ca2+ relative to the Na+ and Li+, i.e. Eo(RuIII/II) = 1.50 
V vs. Eo(RuIII/II) = 1.45, Figure 3.9. More significant were the deviations from Nernstian 
behavior, where a factor of ten change in concentration required 80 mV for Li+ and 103 




Figure 3.16. Density of acceptor states obtained from spectroelectrochemistry for sensitized TiO2 
compared with the ground- and excited-state RuIII/II reduction potentials in 100 mM metal 




Previous studies of non-Nernstian redox chemistry of molecules anchored to TiO2 
concluded that the non-idealities resulted from surface electric fields.83-84 Since cation 
adsorption does significantly change the electric field as measured spectroscopically (see 
below) the results presented in this chapter are in agreement with this conclusion. 
The spectro-electrochemical data was utilized to construct a density of states 
diagram using a previously described method83,85-86 for Ru(dtb)2(dcb)/TiO2 in the different 
electrolytes, Figure 3.16. The density of TiO2 acceptor states was found to increase 
exponentially as the Fermi-level was raised toward the vacuum level, behavior that is 
consistent with many other reports.12,85 The cation dependency is clearly seen at any 
potential of interest. For example at -0.5 V, a potential that corresponds with the excited 
state reduction potential, the density increases in the order Na+ < Li+ < Ca2+ < Mg2+, a trend 
that was clear at all potentials where a measureable concentration of TiO2(e
-)s were present. 
The chemical capacitance distributions for the RuIII/II redox chemistry are not Gaussian and 
reflect the non-Nernstian redox chemistry described above. The magnitudes of the 
chemical capacitances were proportional to the surface coverage and the different values 
given in Figure 3.16 were not significant and likely result from the unknown extinction 
coefficients of the surface anchored compounds. The reduction potential of the thermally 
equilibrated excited states, Eo(RuIII/II*), were calculated through a thermochemical cycle 
and the distribution was assumed to be the same as the ground state. 
The free energy stored in the thermally equilibrated excited state Eo(RuIII/II*) was 
abstracted from the steady state photoluminescence spectra. It was found that the presence 
of 100 mM of these cations in the electrolyte that surrounded a Ru(dtb)2(dcb)/TiO2 thin 
film, resulted in a bathochromic (red) shift of both the absorption and the 
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photoluminescence (PL) spectra of magnitude Na+ < Li+ < Ca2+ < Mg2+, Figure 3.4. The 
absorption data is discussed in more detail in the following section. The PL spectral shifts 
were accompanied by a dramatic quenching of PL intensity. The decrease in intensity is 
reasonably attributed to quenching by the TiO2 acceptor states. Indeed, the interfacial 
density of states shown in Figure 3.16 indicates that excited state injection should be 
favorable for Ru(dtb)2(dcb)/TiO2 under all conditions. However, PL is an indirect probe of 
electron transfer and the radiative and non-radiative rate constants for excited state 
relaxation may also be influenced by cation adsorption. Indeed, it has been shown that the 
PL spectra of Ru(dtb)2(dcb)/TiO2 was sensitive to the excitation irradiance and blue shifted 
as the number of incident photons was increased, behavior attributed to a local electric 
field.46 If the PL quenching were solely due to excited state injection and injection did not 
occur in neat acetonitrile, then the PL data would be consistent with injection yields of 0.95 
for Na+ and essentially unity for the other cations. The values measured by comparative 
actinometry 100 ns after laser excitation were indeed found to be unity for all the cations 
except Na+, indicating that excited state electron transfer to TiO2 was indeed the main 
excited state relaxation pathway. The injection yields were consistent with previous studies 
that showed a correlation between injection yields and the charge-to-size ratio.69 The 
previous work was done at only 2 mM concentrations where the studies reported in this 
chapter were performed under concentrations where the influence of the cation had reached 
its maximum value. 
3.4.2 Electric Fields and Screening. 
Abstraction of the electric field strength from the absorption data was accomplished 
by an analysis briefly described in the Results Section and in previous publications.17-18,46,51 
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In brief, the magnitude of the absorption shift that accompanied a change in the electric 
field experienced by the surface anchored Ru compounds, was quantified by both first-
derivative and peak-to-peak analyses and found to give the same values within 
experimental error. The first-derivative change indicates that the field was collinear with 
the dipole moment change that was assumed to be Δ?⃗? = 4.75 D under all conditions 
studied.19,46 Previous studies have shown that the spectral shifts occur in the opposite 
direction when the dipole moment and electric field vectors are aligned antiparallel to each 
other.18 Very recent work has shown that electroabsorption can be used to quantify the 
distance between the molecular chromophore and the TiO2 surface.
87 The data reported in 
this chapter have enabled characterization of electric field changes that accompany cation 
adsorption, electrochemical reduction, and excited state injection and are discussed below. 
The adsorption of ions to semiconductor surfaces is known and expected to 
generate local electric fields.68,88-93 Previous studies have focused mainly on Li+ cations 
that are most widely utilized in DSSCs. Adsorption isotherms provided an estimate of the 
room temperature equilibrium constant, K = 15 – 80 M-1.17 Through the data presented in 
this chapter, it was discovered that closely related spectral shifts were observed with Na+ 
and alkaline earth metal cations. The data support the widely held notion that prior to any 
surface treatments the sol-gel processed TiO2 nanocrystallites present in the mesoporous 
TiO2 thin films are negatively charged.
68 This negative charge is not attributed to injected 
electrons as there is no spectroscopic evidence for their presence and the spectral shifts 
were observed in air saturated solutions, conditions where the injected electrons are known 
to rapidly react. Instead the charge is attributed to specific functional groups, most likely 
deprotonated titanol groups, see Figure 3.15. Whatever the chemical nature might be, the 
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significant bathochromic (red) shift of the MLCT absorption that accompanied cation 
exposure reflects both the screening of this charge from the sensitizer and the field that is 
generated by the cation adsorption itself. The magnitude was sensitive to the identity of the 
cation and followed the trend Na+ < Li+ < Ca2+ < Mg2+. A key point though is that there is 
no a priori reason to expect that the surface charge due to cation adsorption is the same for 
each cation. This is important as the electric fields quantified after excited state injection 
or electrochemical reduction represent the change in the electric field from the initial 
condition of 100 mM cation concentration, as is shown in Figure 3.15. 
Injection of electrons into a Ru(dtb)2(dcb)/TiO2 thin film resulted in a bathochromic 
shift of the MLCT absorption that was opposite in sign to that measured with cation 
adsorption. Measurements as a function of applied potential revealed a strong cation 
dependence, Figure 3.10. The potential dependent data was recast as the number of TiO2(e
-
)s per anatase nanocrystallite. While some experimental uncertainty was introduced by this 
conversion, the trends reported remain the same. The conversion was important for internal 
comparisons as the number of electrons present at any applied potential were found to be 
cation dependent. For all four cations studied, the magnitude of the electric field first 
increased linearly with the number of TiO2(e
-)s and then more slowly with the number of 
TiO2(e
-)s, Figure 3.11. The data suggests that the first electrons injected into TiO2 reside 
near the interface and subsequent electrons reside further away from the surface where they 
have a smaller influence on the surface anchored compounds. 
About 20 TiO2(e
-)s are thought to reside in each nanocrystallite at the power point 
condition of optimized DSSCs,7,13 so it is of interest to compare the field strengths reported 
by the sensitizer at this condition. The field strengths varied by about a factor of two and 
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increased in the order: Na+ < Li+ < Mg2+ < Ca2+, Table 3.2. Since the number of TiO2(e
-)s 
was the same, the variations in field reflect the ability of the cations to screen the TiO2(e
-
)s charge from the surface anchored Ru compound. The largest diameter cation, Ca2+, was 
the poorest at screening charge yet Na+ was more effective that was the smaller Li+. 
Interestingly, Mg2+ was found to screen the field more effectively than did Li+ when the 
number of TiO2(e
-)s per nanoparticle exceeded about 70. Hence the dication Mg2+ was 
more effective at charge screening when the number of TiO2(e
-)s was large. As was 
described in the Introduction of this chapter, it is not clear whether electric fields and charge 
screening influence the efficiency of DSSCs; however for recombination to negatively 
charged acceptors like I3
-, screening should be detrimental.68,90 
Pulsed laser excitation enabled charge screening dynamics to be probed after 
excited state injection. Experimentally, it was found that this was most easily accomplished 
when iodide was present in the cell. Charge recombination to the oxidized iodide species 
was much slower than to the oxidized dye and the first derivative absorption signature 
associated with the Stark effect was much more easily observed spectroscopically after 
regeneration by iodide, Figure 3.12. The magnitudes of the field measured 2.5 µs after the 
laser excitation followed the trend Na+ < Ca2+ < Li+ < Mg2+, Table 2. However, the 
amplitudes of the Stark effect were time dependent for each cation making comparisons 
difficult. Under such conditions, there exists a large time window between 500 ns and 1 
ms, where the number of TiO2(e
-)s was constant yet the spectral feature associated with the 
electric field decreased rapidly. Burdziński and coworkers have suggested that these 
dynamics reflect electron trapping at grain boundaries.94 The strong cation dependence 
reported here indicates that this is not the sole source of the observed dynamics, as there is 
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no a priori reason to believe that trapping at grain boundaries would also be cation 
dependent. It was found that the monovalent cations screened charge much more rapidly 
than did the dications, kLi+,Na+ = 5.0 x 10
4 s-1 and kMg2+, Ca2+ = 5.0 x 10
2 s-1 (see Figure 3.14), 
presumably because the small number of electrons injected into TiO2 resulted in spatially 
isolated anionic Ti(III) sites that were more easily screened by the monovalent cations. 
These rate constants indicate that charge screening of the field generated by excited state 
injection was not fully established before recombination to oxidized iodide occurred. A 
larger dynamic window for quantifying charge screening would hence be expected for 
mediators that underwent slower electron transfer with TiO2(e
-)s. 
3.5 Conclusion 
Surface electric fields are generated when charged species adsorb onto or are 
injected into TiO2 nanocrystallites interconnected in a mesoporous thin films commonly 
used in dye-sensitized solar cells. The MLCT absorption of Ru(dtb)2(dcb)
2+ compounds 
anchored to the TiO2 surface are sensitive probes of these electric fields. Exposure of a 
Ru(dtb)2(dcb)/TiO2 thin film immersed in acetonitrile to cations resulted in bathochromic 
(red) shifts of the MLCT absorption that followed the trend Na+ < Li+ < Ca2+ < Mg2+. The 
magnitude of the field change with Na+ was 6.9 MV/cm and that for Mg2+ was 11 MV/cm. 
Injection of electrons into TiO2, from a potentiostat or an excited state, resulted in 
hypsochromic (blue) shifts. Pulsed laser excitation enabled the kinetics for charge 
screening at the interface to be quantified. On average, screening was about 100 times 
faster for the alkali cations relative to the alkaline earths. This behavior was attributed to 
excited state injection yielding localized Ti(III) states that were more easily screened by 




Photo-induced electron transfer reactions at dye-sensitized TiO2 interfaces generate 
electric fields.95 At semiconductor-electrolyte interfaces, ions and solvent molecules 
respond to this photo-generated field by movement from their equilibrium (dark) 
configurations. Such interfacial reorganization decreases the magnitude of the electric field 
experienced by the surface anchored dye molecules, in a poorly defined process often 
referred to generically as ‘screening’.17,39,46 The ability of semiconductor-electrolyte 
interfaces to reorganize and screen charges under different illumination levels may underlie 
the higher efficiency of photoelectrochemical cells relative to solid state photovoltaics 
under weak or intermittent sunlight. Unfortunately, very little mechanistic charge screening 
data exists, particularly for the dynamics of the process.17,39,46 The first comparative kinetic 
data for charge screening at dye-sensitized TiO2 interfaces in different electrolytes is 
presented here. The presence of Lewis acidic Li+ or Mg2+ ions in the electrolyte was found 
to have a significant influence on charge screening. 
Quantification of the kinetics for photo-induced charge screening was enabled by 
the recent discovery that the electric field generated by electrons injected into TiO2 
significantly influences the absorption spectra of surface anchored dye molecules.17-18 This 
discovery was initially met with some skepticism as the electric field was expected to be 
screened by the high permittivity of TiO2 and the high ionic strength of acetonitrile 
electrolytes. Nevertheless, electron transfer induced spectral changes have now been 
observed in at least seven different labs18,39,43-44,96-101 and have a sound theoretical basis.102-
103 The induced absorption changes were similar to that observed in electro-absorption 
spectroscopy and were therefore termed a “Stark Effect”.19,104 However, the special 
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orientation of the field generated at the semiconductor interface results in spectral changes 
that are quantitatively different than that observed in traditional Stark spectroscopy. Due 
to the approximately normal orientation of the molecular dipole difference relative to the 
semiconductor electric field, uni-directional shifts of the absorption spectra were observed 
that gave rise to first-derivative spectral changes rather than the second-derivative spectra 
that are generally observed in traditional Stark spectroscopies.24,46 A pictorial 
representation of these spectral changes observed at TiO2 interfaces is shown in Figure 
3.17. 
In the course of studying the Stark effect, it was found that the magnitude of the 
intensity change was particularly large for the compound Ru(dtb)2(dcb)
2+, where dtb is 
4,4’-(tert-butyl)2-2,2’-bipyridine and dcb is 4,4’-(CO2H)2-2,2’-bipyridine, shown in Figure 
3.17.17,46 Presumably the tertiary butyl groups enforce a normal orientation of the 
compound relative to the TiO2 surface and the tris-bipyridyl octahedral geometry about the 
ruthenium center gives rise to a large dipole moment change upon light absorption. 
Whatever the origin, the Ru(dtb)2(dcb)
2+ compound anchored to TiO2, abbreviated 
Ru(dtb)2(dcb)/TiO2 is ideal for characterization of interfacial screening.
17,46 Such data is 
presented in this Appendix with two specific electrolytes both containing 0.25 M tetrabutyl 
ammonium iodide (TBAI) yet one with 0.1 M Li+ ions and the other with 0.1 M Mg2+ ions. 
The nature of the Lewis acidic cation was found to have a significant influence on charge 





Figure 3.17. A Ru(dtb)2(dcb)/TiO2 interface with an injected electron, e-, that generates an electric field 
that shifts the absorption spectrum (blue) of the ruthenium compound to higher energy compared to that 
without the field (red). The spectral shift appears as a first-derivative when measured as a difference 




Shown in Figure 3.18 is the absorption spectrum of a Ru(dtb)2(dcb)/TiO2 thin film 
immersed in neat acetonitrile and 0.1 M LiClO4 or 0.1 M Mg(ClO4)2 acetonitrile solutions. 
A significant red shift in the metal-to-ligand charge-transfer (MLCT) absorption was 
observed in the electrolyte solutions as well as a small decrease in the maximum absorption 
intensity. The decrease in the absorptivity at ~ 450 nm was offset by an increased 
absorption at ~ 400 nm such that the oscillator strength of the MLCT absorption, integrated 
from 370 to 700 nm, was essentially insensitive to the nature of the cation. The red shift in 
the MLCT absorption has previously been noted for Li+,17,39,46 and is consistent with cation 
adsorption to negatively charged TiO2. These Lewis acidic cations likely form adducts with 
the oxide oxygen atoms, as has been seen crystallographically for related Ti(IV) 
materials,105 that screens the surface electric field and hence a perturbation of the MLCT 
absorption. As was previously described, the magnitude of the spectral shift reports directly 
on the change in the field experienced by the surface anchored ruthenium compound.46 
Assuming a dipole moment change of 4.75 D19 and a collinear alignment of the dipole 
moment change and the electric field, the Mg2+ ions were found to screen the charge more 
effectively than did Li+, ΔE = 10.7 MV/cm vs. ΔE = 7.52 MV/cm. The Mg2+ and Li+ ionic 
radii are approximately the same so Mg2+ has a lower size-to-charge ratio and more 
effective screening would hence be expected.106 
Both Li+ and Mg2+ are known to be ‘potential determining ions’ for TiO2 and result 
in significant changes in the energetic position of the valence and conduction band edges.66-
69 The influence of these cations on the acceptor states of TiO2 was quantified here by 
spectro-electrochemistry. Unsensitized TiO2 thin films immersed in the indicated 
electrolytes were reduced electrochemically, Figure 3.19. The characteristic blue-black 
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color of reduced TiO2, abbreviated TiO2(e
-), was observed at sufficiently negative bias.107-
108 The potential onset for coloration was found to be more positive, i.e. further from the 
vacuum level, when Mg2+ cations were present relative to Li+. This behavior is qualitatively 
consistent with a previous report that the TiO2 conduction band edge was 200 mV more 
negative in acetonitrile electrolytes of 0.1 M LiClO4 (-0.65 V versus NHE) relative to 0.1 
M Mg(ClO4)2 (-0.45 V).
66 What had apparently gone unnoticed was the shift in the 
fundamental valence-to-conduction band absorption of TiO2 as the film was reduced in 
these two electrolytes. As the films were reduced in either electrolyte solution, the 
fundamental absorption shifted to higher energy with loss of isosbestic points that appeared 
as a bleach when an unreduced TiO2 thin film was used as the reference, Figure 3.19. 
However, the magnitude of the bleach, relative to the TiO2(e
-) absorption at longer 
wavelengths, was significantly larger for the Li+ containing electrolyte than for the Mg2+ 
containing electrolyte, approximately 3:1 versus 1:1. 
The origin of the blue shift that accompanies reduction of anatase TiO2 
nanocrystallites, as well as other semiconductor nanoparticles, was originally attributed to 
a Burstein-Moss shift (i.e. conduction band filling),70-71,75,109 but was more recently 
recognized to be a Stark effect.16,73-74,110 The more significant change in the fundamental 
absorption implies that Mg2+ screens the electric field more efficiently than Li+. It should 
be emphasized that this effect is quite different from the celebrated Franz-Keldysh effect 
for bulk semiconductor materials where a strong electric field induces a band gap decrease 





Figure 3.18. Ground state ultraviolet–visible absorbance spectra of a Ru(dtb)2(dcb)/TiO2 thin film 





Figure 3.19. Spectroelectrochemistry of unsensitized TiO2 thin films anchored to FTO glass in acetonitrile 
electrolytes of 0.1 M LiClO4 (main) and Mg(ClO4)2 (inset) at the indicated applied biases (mV vs. NHE): 




Nanosecond transient absorption spectroscopy was used to study 
Ru(dtb)2(dcb)/TiO2 thin films immersed in acetonitrile solutions containing 0.25 M TBAI 
and either 0.1 M LiClO4 or Mg(ClO4)2. Great care was taken to ensure that the ground state 
absorption and the incident irradiance were the same in the two electrolytes. Shown in 
Figure 3.20 are representative spectra recorded 2.5 s after laser excitation, a delay time 
selected to ensure that all the iodide redox chemistry was complete and that the sensitizers 
were fully regenerated.113 Hence only the injected electrons, tri-iodide, and ground state 
sensitizers were observed. 
The large first-derivative looking feature centered ~ 490 nm has previously been 
observed and is a signature of the Stark effect. The electrons injected into TiO2 generate 
an electric field that significantly blue shifts the MLCT absorption of the ruthenium 
compounds anchored to the surface. The magnitude of the absorption changes associated 
with the Stark effect were significantly more intense when Mg2+ electrolytes were 
employed, behavior attributed to the faster Li+ screening as is described below.  
Shown in Figure 3.21 are single wavelength absorption changes monitored at 750 
nm and the maximum bleach associated with the Stark effect. For observation times less 
than 0.5 microseconds, di-iodide disproportionation chemistry was found;113 while for 
times greater than 1 ms, recombination of the injected electrons with the redox mediator 
was observed. At intermediate times, the amplitude of the Stark effect decreased while the 
TiO2(e
-) concentration and hence the electric field were constant, behavior attributed to 
“screening” of the field by interfacial ionic reorganization. Kinetic data for this screening 





Figure 3.20. Transient absorption spectra of a Ru(dtb)2(dcb)/TiO2 thin film obtained 2.5 μs after pulsed 
532 nm excitation in acetonitrile electrolyte containing 0.25 M TBAI and either 0.1 M LiClO4 (blue) or 




The screening kinetics were non-exponential and were well described by the 
Kohlrausch−Williams−Watts (KWW) model, Equation (3.9).17,114  
 
])(exp[)( ktItI o   
(3.9) 
 
Here β is inversely related to the width of an underlying Lévy distribution of rate constants, 
0 < β < 1, and k is a characteristic rate constant. In kinetic analysis, the value of β was fixed 
to be 0.2, and the rate constants abstracted were kLi+ = 5.3 x 10
4 s-1 and kMg2+ = 4.7 x 10
2 s-
1. Based on this kinetic analysis, the rate constants for charge screening were about 100 
fold slower for Mg2+ ions than for Li+ ions. To ensure that the rate constants were 
insensitive to the number of injected electrons, the incident irradiance was varied over a 
factor of six and the normalized data were unchanged. The figure inset shows kinetic data 
as a function of irradiance measured in the Mg2+ containing electrolyte with overlaid fits, 
kMg2+ = 4.7 x 10
2 s-1 and β = 0.2. 
The smaller rate constants for charge screening by Mg2+ relative to Li+ was 
unexpected based on the (dark) equilibrium spectroscopic data, Figure 3.18 and Figure 
3.19, which showed that the divalent cation gave rise to smaller spectral shifts in the 
fundamental TiO2 absorption and larger spectral shifts in the MLCT absorption attributed 
to more effective charge screening. A plausible explanation for the disparity in rate 
constants is that electron injection into TiO2 yields one injected electron and this charge 
was neutralized by adsorption and/or intercalation of a single cation, not a dicationic ion. 
Indeed Lyon and Hupp have shown that a 1:1 stoichiometry exists between Li+ and H+ 





Figure 3.21. Absorption change measured after pulsed 532 nm excitation of a Ru(dtb)2(dcb)/TiO2 thin film 
immersed in 0.1 M LiClO4 (blue) or Mg(ClO4)2 (red) acetonitrile. The dotted vertical lines bracket time 
periods where the TiO2(e-) concentration was constant yet the bleach amplitude associated with the Stark 
effect was decreasing, behavior attributed to charge screening. The inset depicts the charge screening 
kinetics in the presence of Mg(ClO4)2 as a function of laser fluence increasing from top to bottom: 0.2 
(grey), 1.2 (magenta), 2.3 (green), to 3.5 (orange) mJ/pulse. Overlaid in black on some data are best fits 




In contrast, surface adsorption of a divalent cation would generate a net positive change on 
the surface and hence requires either a second injected electron or a charge-balancing anion 
that could account for the smaller rate constant measured experimentally. 
The strong cation dependence for the loss of absorption associated with the Stark 
effect while the TiO2(e
-) concentration was fixed is fully consistent with a screening 
mechanism. This data does not support an alternative mechanism by Burdziński and 
coworkers that these dynamics reflect electron trapping at grain boundaries as there is no 
a priori reason that such trapping would be sensitive to the cation identity.97 Furthermore, 
Snaith and coworkers’ data in solid state dye sensitized solar cells, where the addition of 
Li+ resulted in slower recombination and hence a longer lived absorption transient, are fully 
consistent with an underlying Stark effect.116 
In summary, cation adsorption to sensitized TiO2 nanocrystallites in acetonitrile 
solution resulted in a bathochromic shift of the sensitizer steady state absorption spectra 
consistent with a Stark effect and charge screening. The Mg2+ ions were found to screen 
charge, ΔE = 10.7 MV/cm, more effectively than did Li+, ΔE = 7.52 MV/cm. Pulsed laser 
excitation of the sensitized materials led to excited state injection and generation of an 
electric field that was of comparable magnitude for the two electrolytes. The Li+ containing 
electrolyte was found to screen this photogenerated field far more rapidly than did Mg2+, 
kLi+ = 5.3 x 10
4 s-1 and kMg2+ = 4.7 x 10
2 s-1. The factor of 100 change in rate constant 
induced by altering the cation present in the electrolyte was most consistent with charge 
screening and far less consistent with a model where the injected electrons were trapped at 
grain boundaries. The data described herein show that Stark spectroscopy can be used to 
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directly quantify charge screening at illuminated semiconductor interfaces and that such 
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Chapter 4. Electric Fields Control TiO2(e-) + I3-  
Charge Recombination in Dye-Sensitized Solar 
Cells 
In part a compilation of one publication.1 
This work was collaborative in conjunction with Renato N. Sampaio†‡ and 
Timothy J. Barr† 
†Johns Hopkins University, Baltimore, Maryland 
‡Federal University of Uberlândia, Uberlândia, Brazil 
4.1 Introduction 
Electrons injected into the mesoporous TiO2 nanocrystalline (anatase) thin films 
commonly used in dye-sensitized solar cells (DSSCs) generate an electric field that 
significantly perturbs the absorption spectra of the dye molecules anchored to its surface. 
The electro-absorption signature, similar to that observed in Stark spectroscopy, and the 
>1 MV/cm electric field magnitude were only recently discovered and a full appreciation 
of how the presence of this field might be exploited for practical applications remains 
uncertain.2-3 The electro-absorption signature appears as a first-derivative of the ground 
state absorption that has proven to be a valuable experimental tool for the characterization 
of dye-sensitized TiO2 interfaces.
4-8 Indeed, insight into the relative orientation of the 
molecular dipole as well as the dye-semiconductor distance has been revealed through 
systematic studies with different dye molecules.3,9 In addition, pulsed laser excitation has 
permitted the dynamics for charge screening by the electrolyte to be quantified on 
 
143 
microsecond and longer time scales.10-12 Yet in spite of these advances in fundamental 
science, there is no clear indication that these electric fields have any practical relevance 
to the light-driven electron transfer reactions that promote or inhibit electrical power 
generation in DSSCs. One would reasonably anticipate that the surface electric field would 
repel anions like tri-iodide and hence inhibit the unwanted charge recombination reaction 
with electrons injected into TiO2. However, there was been no compelling evidence that 
the anionic nature of these redox mediators is at all relevant to operational DSSCs prior to 
the results presented in this chapter. 
 
4.2 Results and Discussion 
Mesoporous TiO2 thin films were sensitized to visible light by 
[Ru(dtb)2(dcb)](PF6)2, where dtb is 4,4′-(tert-butyl)2-2,2′-bipyridine and dcb is 2,2’-
bipyridine-4,4’-dicarboxylic acid, abbreviated Ru(dtb)2(dcb)/TiO2. Figure 4.1 shows the 
visible absorption spectra of a Ru(dtb)2(dcb)/TiO2 thin film immersed in neat acetonitrile 
and in acetonitrile solutions that contain 100 mM iodide with Li+, Na+, Mg2+, or Ca2+ 
cations. The extinction coefficients were calculated relative to Ru(dtb)2(dcb)/TiO2 in 
CH3CN which was assumed to have the same value as the [Ru(dtb)2(dcb)](PF6)2 dissolved 
in CH3CN. A significant red shift in the metal-to-ligand charge-transfer (MLCT) 
absorption was observed in the electrolyte solutions relative to neat CH3CN as well as a 
small decrease in the maximum absorption intensity. The magnitude of the red shift 
increased in the order Na+ < Li+ < Mg2+ ≈ Ca2+. This data with the iodide salts are in 
excellent agreement with that previously reported for the perchlorate salts which is 
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consistent with the proposal that adsorption of these Lewis acidic cations to TiO2 induces 




Figure 4.1. Visible absorbance spectra of a Ru(dtb)2(dcb)/TiO2 thin film immersed in acetonitrile in the 
absence (grey) or presence of 100 mM LiI (black), 100 mM NaI (red), 50 mM MgI2 (blue) and 50 mM 




Partial electrochemical reduction of the sensitized TiO2 thin films in a standard 
three-electrode cell, results in a blue-shift of the MLCT absorption as has been previously 
described.2,11 Figure 4.2.A. shows such data as difference spectra where the absorption 
spectra of the reduced film are subtracted from the initial spectrum under conditions where 
about 20 electrons were present in each TiO2 nanocrystallite.  
Pulsed laser excitation of the Ru(dtb)2(dcb)/TiO2 thin films immersed in the iodide 
acetonitrile electrolytes gave rise to significant absorption changes that were monitored on 
nanosecond and longer time scales. Light absorption by the Ru sensitizer resulted in rapid 
excited state injection and sensitizer regeneration through iodide oxidation that were 
complete within a microsecond. The oxidation of iodide to tri-iodide in DSSCs is known 
to occur through disproportionation of an I2
.- intermediate. Disproportionation within the 
mesopores of TiO2 occurs with the same rate constant as in fluid solution, k = 3 x 10
9 M-
1s-1.13 Hence only the injected electrons and tri-iodide were expected to appreciably absorb 
light in the visible region on time scales greater than a microsecond. Shown in Figure 4.2.B. 
are representative spectra recorded 2.5 µs after laser excitation of the Ru(dtb)2(dcb)/TiO2 
in acetonitrile electrolytes that represented the extremes that were observed, 100 mM NaI 
or 50 mM CaI2. The characteristic absorption of I3
- at ~ 360 nm and the weak absorption 
of the injected electrons at 600 nm were evident.14  
The large first-derivative feature between ~450 and 550 nm arises from a 
unidirectional shift of the ground state absorption spectra induced by the injected electrons. 
In other words, the electrons injected into TiO2 generate an electric field that significantly 
blue shifts the MLCT absorption of the ruthenium compounds anchored to the surface.2 
The magnitude of the intensity change as well as the spectral shift were significantly more 
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pronounced when Ca2+ containing electrolytes were employed, behavior attributed to less 
effective screening of the electric field from the sensitizer. The field strengths were found 
to follow the order: Na+ < Li+ < Mg2+ < Ca2+.11 The electric field strength reported by the 
Ru sensitizers was 1.1 MV/cm for Na+ and 2.2 MV/cm for Ca2+ with the magnitude of the 
electric fields calculated using previously reported methods and assumptions.2,11,15-16 Since 
the same number of TiO2 electrons was held constant, the different field strengths were 
attributed to the ability of the cations to screen the field from the surface anchored 
sensitizers. 
Shown in Figure 4.3. are absorption changes monitored at 375 nm. This observation 
wavelength was chosen as the I3
- anion absorbs strongly there and it represents an isosbestic 
point between I2
.- and I3
-.13 As a result, the concentration of I3
- can be uniquely probed at 
this wavelength. The non-exponential kinetics were well described by the 





Here β is inversely related to the width of an underlying Lévy distribution of rate constants, 
0 < β < 1, and k is a characteristic rate constant. In kinetic analysis, the value of β was fixed 
to be 0.45 and k was allowed to float. An ‘average’ rate constant was calculated as the first 














Figure 4.2. Absorbance change of Ru(dtb)2(dcb)/TiO2 thin films measured: A) under conditions of 
approximately 20 TiO2(e-)s per TiO2 nanoparticle electrochemically generated in 100 mM solutions of 
NaClO4 (red), LiClO4 (black), Mg(ClO4)2 (blue) and Ca(ClO4)2 (green) and B) 2.5 μs after pulsed 532 nm 






Figure 4.3. Absorption changes that correspond to TiO2(e-) + I3-  charge recombination measured in 100 
mM LiClO4 (black), NaClO4 (red), Mg(ClO4)2 (blue) and mM Ca(ClO4)2 (green) acetonitrile solutions 
with 250 mM TBAI. Overlaid on the data are fits to the KWW function with β = 0.45. The inset shows a 











The inset of Figure 4.3. is a plot of the recombination rate constant versus the 
electric field. This and the raw experimental data clearly show a marked electric field 
dependence for the unwanted TiO2(e
-) + I3
-  charge recombination rate constant. This 
correlation provides compelling evidence that the larger the electric field - the slower the 
unwanted charge recombination reaction with I3
-. Recall that I3
- is generated within the 
mesopores after the disproportionation of two I2
.- ions. Mass transfer of I3
- by both diffusion 
and migration to the TiO2 surface must then occur before recombination is possible. 
Extrapolation of the best fit line to zero electric field provides an estimate of the diffusional 
contributions to the recombination reaction that occurs in the absence of an electric field, 
k = 300 s-1. Since rate constants are proportional to current, the total current at zero field is 
the diffusional current, i0 = id. The rate constants decrease when electrons are injected into 
TiO2, because the anionic charge of the I3
- is repelled by the field generated by the TiO2(e
-
)s. Hence, the total current decreases in the presence of the field due to migration of I3
- 
away from the TiO2 interface, i = id - im. The ratio of the average rate constant measured in 
the presence of the field to that in the absence has some analogy to transference 
coefficients, t = i/i0, that have been quantified in electrochemical cells.
17 Here t represents 
the fractional ability of the electric field to block the unwanted TiO2(e
-) + I3
-  charge 
recombination reaction. The t values are given in Table 4.1. One way to visualize the 
repulsive nature of the electric field on the negatively charged I3
- is by calculating the 
concentration profile of I3
- at the interface compared to the bulk concentration using the 























 and 𝜙0 is the potential drop across the interface due to the electric field. 
The potential drops were calculated for the four cations studied using electric field values 
reported previously and a distance of either 5 or 10 Å based off of the crystal structure of 
[Ru(dtb)2(dcbH2)]




⁡× 5Å = 55⁡𝑚𝑉.1,17 
Triiodide concentration profiles as a function of distance from the electrode interface are 
shown in Figure 4.5 resulting from the interfacial electric fields generated in the presence 
of the four Lewis acidic cations. 
It should be pointed out that other iodine species may also accept electrons in 
DSSCs. Indeed there exists compelling evidence that molecular iodine I2, is reduced by 
TiO2(e
-)s. As tri-iodide and molecular iodine are in equilibrium, Equation (4.4), both are 
always present in solution.18 However, under the current experimental conditions, iodide 
was the only species present before laser excitation and the concentrations of I3
- generated 
with light was on the order of 10 M rendering the equilibrium concentration of I2 
negligibly small. Hence, the present study has effectively stacked the deck to ensure that 
recombination occurs predominantly to tri-iodide. This differs from an operational dye-
sensitized solar cell where a mixture of 0.5 M LiI and 0.05 M I2 in an acetonitrile solution 










Figure 4.5. Concentration profiles of triiodide as a function of distance from the TiO2 interface resulting 
from the electric field in the presence of the Lewis acidic cations modeled with a 5 Å (left) or 10 Å (right) 




The equilibrium constant for Reaction (4.4) has been estimated to be Keq = 10
6 indicates 
that equilibrium concentrations are 0.45 M I-, 0.05 M I3







It should also be emphasized that changing the cations in the electrolytes of DSSCs 
influences many parameters including the transport of the injected electrons,19-21 dye 
regeneration,22 and the energy levels of the TiO2 acceptor states.
11,23-24 Nevertheless, the 
implications of the results presented herein to DSSCs are clear and significant. Akin to 
enlarging the space-charge layer thickness in single semiconductor solar cells, increasing 
the Debye length for charge screening supports more spatially separated and longer-lived 
TiO2(e
-), I3
- donor-acceptor pairs. Hence screening of the electric field by these alkali and 
alkaline earth cations in the electrolyte is detrimental to the solar conversion efficiency. 
This is particularly important at the power point and open circuit conditions where the 
number of electrons is large and the TiO2(e
-)s may be capable of accessing the two-electron 
reduction of I3
-, E0(I3
-/3I-) = 0.35 V, which is much more favorable than the one-electron 
reduction potential, E0(I3
-/I2
·-,I-) = -0.35 V vs. NHE.14 Interestingly, complete screening of 
the electric field should instead be beneficial for the cationic Co(III/II) redox mediators, 
i.e.[Co(bpy)3]
3+/2+, employed in champion DSSCs;25 since migration will enhance the mass 
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Chapter 5. Reversal of the Excited State Acid-
Base Behavior of Ruthenium Polypyridyl 
Compounds Containing Carboxylic Acids Through 
Ancillary Ligand Modification 
5.1 Introduction 
Compounds with protonatable functional groups can exhibit excited state acid-base 
behavior that differs significantly from that of their ground state. The increased basicity or 
acidity in the excited state is commonly attributed to a redistribution of electron density.1-
2 Organic molecules and transition metal compounds that possess these properties have 
been exploited for use as pH sensors.3-9 They have also been used to study proton coupled 
electron transfer (PCET) reactions which are of biological relevance and significant for 
understanding processes important to solar energy conversion such as water oxidation.10-11 
The square scheme in Figure 5.1 depicts the different states accessible to 
compounds that undergo acid-base chemistry starting with the ground-state equilibrium, 
Ka, between the acidic, H-A, and basic, B, forms. Light excitation of the acid form can 
generate an excited state, H-A*, that relaxes back to the ground state via radiative and non-
radiative decay pathways, kA. Under appropriate conditions, H-A
* can convert into the 
deprotonated form, B*, based on the excited state acid-base equilibrium dictated by the 
deprotonation, kAB, and protonation, kBA, rates of the excited states.
1,8  
Several research groups have reported excited state acid-base chemistry of 




2+, where bpy is 2,2’-bipyridine and dcb is 2,2’-bipyridine-
4,4’-dicarboxylic acid.12 The majority of ruthenium compounds generate excited states 
with increased basicity compared to their ground states, particularly for compounds 
containing polypyridine ligands derivatized with carboxylic acids13-17 or pendant amines.18-
20 In contrast, ruthenium polypyridine compounds that exhibit increased acidity in the 
excited state are relatively rare and contain hydroxy groups21 or cyanide ligands.22 
In this chapter, the excited state acid-base properties of two ruthenium polypyridyl 
compounds containing carboxylic acid derivatized bipyridine ligands will be presented. 
The compound [RuII(btfmb)2(dcbH2)]
2+, where btfmb is 4,4’-bis(trifluoromethyl)-2,2’-
bipyridine, differs from [RuII(dtb)2(dcbH2)]
2+, where dtb is 4,4’-di-tert-butyl-2,2’-
bipyridine, in that its ancillary ligand, btfmb, contains electron-withdrawing 
trifluoromethyl groups compared to the electron-donating tert-butyl groups of the dtb 
ligand, Figure 5.2. The presented research indicates that this ligand modification ultimately 
affects the location of the electron in the excited state. These changes in the electron density 
of the excited state result in a reversal of the excited state acid-base properties between the 
















All chemicals were reagent grade or better unless otherwise specified and were used 
without further purification. The following reagents were used as received from the 
following commercial suppliers: acetonitrile (Burdick & Jackson, spectrophotometric 
grade); deionized water; diethyl ether (Fisher); ethanol (Fisher); N,N-dimethylformamide 
(Fisher); perchloric acid (HClO4; Aldrich 99.999% trace metals analysis); n-
tetrabutylammonium hydroxide (TBAOH; Sigma-Aldrich, 1.0 M in methanol); 
triethylamine (Fluka, 99.5%); silver nitrate (Sigma-Aldrich, 99%); [Ru(bpy)3]Cl2·6H2O 
(Aldrich, 99.95%); argon gas (Airgas, >99.998%); and nitrogen gas (Airgas, 99.999%). 
5.2.2 Preparations. 
4,4’-bis(trifluoromethyl)-2,2’-bipyridine (btfmb), 4,4’-diethylester-2,2’-bipyridine 
(deeb), [Ru(p-cymene)(deeb)Cl]Cl, and [Ru(dtb)2(dcbH2)](PF6)2 were synthesized 
according to literature procedures.23-27 
[Ru(btfmb)2(deeb)](NO3)2. [Ru(p-cymene)(deeb)Cl]Cl (192 mg, 0.32 mmol), 
btfmb (187 mg, 0.64 mmol) and 2.2 equivalents of silver nitrate (120 mg, 0.71 mmol) were 
refluxed in 20 mL of ethanol under argon atmosphere in the dark for 18 hours in a 50 mL 
round bottom flask. After the reaction mixture cooled to room temperature, the mixture 
was filtered under vacuum and the filtrate was collected. The filtrate was evaporated to 
dryness under reduced pressure and further dried in a vacuum oven at 100°C for 1 hour to 
afford 308 mg of red powder. Yield = 88%. 1H NMR (CD3CN, 400 MHz): δ 9.08 (s, 2H), 
8.97 (s, 4H), 8.00 (d, 2H, J = 5.9 Hz), 7.95 (d, 2H, J = 5.9 Hz), 7.91 (d, 2H, J = 5.8 Hz), 
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7.85 (d, 2H, J = 6.0 Hz), 7.73 (d, 2H, J = 6.0 Hz), 7.69 (d, 2H, J = 6.0 Hz), 4.47 (q, 4H, J 
= 14.2, 7.1 Hz), 1.41 (t, 6H, J = 14.2, 7.1 Hz), 
[Ru(btfmb)2(dcbH2)](NO3)2. A solution containing [Ru(btfmb)2(deeb)](NO3)2 (72 
mg, 0.065 mmol), 1 mL of water, 1 mL of triethylamine, and 3 mL of N,N-
dimethylformamide was refluxed under argon atmosphere for 18 hours in a 10 mL round 
bottom flask. After cooling to room temperature, the solvent volume was reduced under 
reduced pressure. The reaction mixture was transferred to a 100 mL round bottom flask 
and 70 mL of diethyl ether was added to precipitate the product. The orange precipitate 
was collected on a fine frit, washed with cold diethyl ether (3 x 15 mL) and dried at 100°C 
in a vacuum oven for 2 hours to afford 42 mg of orange powder. Yield = 61%. 1H NMR 
(D2O, 400 MHz): δ 8.99 (s, 4H), 8.97 (s, 2H), 8.08 (d, 2H, J = 5.8 Hz), 8.05 (d, 2H, J = 5.9 
Hz), 7.84 (d, 2H, J = 5.8 Hz), 7.77 (m, 6H). 
5.2.3 Spectroscopy. 
NMR. 1H-NMR spectra were recorded using a Bruker AvanceIII 400 MHz 
spectrometer and referenced to the residual solvent peaks. 
UV-Visible Absorption. Steady-state UV-visible (vis) absorption spectra were 
obtained on a Varian Cary 50 or an Agilent Cary 60 spectrophotometer at room temperature 
in 1.0 cm path length quartz cuvettes. The solutions were deaerated with argon gas for a 
minimum of 30 minutes prior to photoluminescence and transient absorption studies, 
unless specified. 
Photoluminescence. Steady-state photoluminescence spectra were obtained with an 
ISS K2 spectrophotometer equipped with a 75 W Xe arc lamp for the excitation source. PL 
spectra were obtained at room temperature with PL detected at a right angle to the 
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excitation beam. Quantum yields were measured versus [Ru(bpy)3
2+]Cl2 in water as the 
standard (ΦPL = 0.042) using the optically dilute method.
28 Nanosecond time-resolved PL 
data were acquired at a right angle to excitation with pulsed 450 nm laser light from a N2 
dye laser (Photon Technologies International, GL301, Coumarin 450 (Exciton)). Transient 
data were digitized on a computer-interfaced oscilloscope (LeCroy LT322) with 5 ns time 
resolution. Typically, 300 laser shots were averaged for each kinetic trace. 
pH Titrations. pH dependent absorption and PL spectra were obtained open to 
atmosphere with the pH monitored in situ using an Oakton pH 11 meter (Cole Parmer). 
Transient Absorption. Nanosecond transient absorption measurements were 
obtained with an apparatus similar to that which has been previously described in the 
literature.29 Briefly, samples were excited by a Q-switched, pulsed Nd:YAG laser (Quantel 
U.S.A. (BigSky) Brilliant B; 5-6 ns full width at half-maximum (fwhm), 1 Hz, ~10 mm in 
diameter) tuned to 532 nm with the appropriate nonlinear optics. The excitation fluence 
was measured by a thermopile power meter (Molectron) and was typically 3 – 5 mJ/pulse. 
A 150 W Xe arc lamp served as the probe beam and was aligned orthogonal to the laser 
excitation light. The lamp was pulsed with 100 V for detection at sub-100 µs time scales. 
Detection was achieved with a monochromator (SPEX 1702/04) optically coupled to an 
R928 photomultiplier tube (Hamamatsu). Appropriate glass filters were positioned 
between the probe lamp/sample and the sample/detection monochromator. Transient data 
was acquired with a computer-interfaced digital oscilloscope (LeCroy 9450, Dual 330 
MHz) with an overall instrument response time of ~10 ns. Typically, 30 laser pulses were 
averaged at each observation wavelength over the range 340 – 750 nm at 10 nm intervals. 
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Full spectra were generated by averaging 2 – 10 points on either side of the desired time 
value to reduce noise in the raw data. 
5.2.4 Data Fitting. 
Kinetic data fitting and Arrhenius analyses were performed in Origin 9.0 with least-
squares error minimization accomplished using the Levenberg-Marquardt iteration 
method. Excited state lifetimes, τ, were fit to single exponential decay kinetics over at least 
three half-lives, Equation (2.1): 






The neutral compound [RuII(btfmb)2(dcb
2-)]0 exhibited a broad metal-to-ligand 
charge transfer (MLCT) absorption band centered around 460 nm and a ligand-centered 
transition at 296 nm when dissolved in water with pH greater than 5.0. Titration of the 
solution with HClO4 led to an increase in intensity of the MLCT absorption band that also 
sharpened, see Figure 5.3.A. The neutral [RuII(dtb)2(dcb
2-)]0 compound, where dtb is 4,4’-
di-tert-butyl-2,2’-bipyridine, exhibited similar UV-Vis absorption characteristics when 
dissolved in water with pH greater than 5.5. A broad MLCT absorption band centered at 
455 nm and a ligand-centered transition at 287 nm were observed. Contrary to the behavior 
observed for the btfmb compound, when HClO4 was added to the dtb compound in aqueous 
solution, the MLCT absorption band split into two distinct bands with maxima at 430 and 





Figure 5.3. UV-visible absorption and photoluminescence spectra of [RuII(btfmb)2(dcb)], A, and 
[RuII(dtb)2(dcb)], B, in aqueous solution titrated from the deprotonated carboxylate, -COO- (blue), to the 
carboxylic acid, -COOH (red), forms of the compounds. Arrows indicate direction of intensity changes 




Excitation into the MLCT absorption band resulted in room temperature 
photoluminescence (PL) for both the btfmb and dtb compounds. Under basic conditions, 
[RuII(btfmb)2(dcb
2-)]0*, exhibited a photoluminescence band at 640 nm which blue-shifted 
to 625 nm in acidic solution; an energy increase of approximately 380 cm-1. 
Photoluminescence from [RuII(dtb)2(dcb
2-)]0* dissolved in basic aqueous solution 
maximized at 665 nm and red-shifted to 700 nm under acidic conditions; an approximately 
750 cm-1 shift in energy, shown in Figure 5.3. Photoluminescence quantum yields ranging 
from 0.003 to 0.033 were quantified by the optically dilute method using [Ru(bpy)3]Cl2 in 
water as a reference and are collected in Table 5.1 along with other photophysical 
parameters.28 Pulsed light excitation of the compounds in aqueous solutions yielded MLCT 
excited states that decayed to the ground state by a first-order kinetic model. The MLCT 
excited state lifetimes ranged from τ = 140 to 690 ns for deaerated solutions of the 
[RuII(btfmb)2(dcb)] and [Ru
II(dtb)2(dcb)] compounds. Knowledge of the 
photoluminescence quantum yields, ΦPL, and excited state lifetimes allowed for calculation 
of the radiative, kr, and non-radiative, knr, decay rate constants using Equations (5.2) and 
















The PL quantum yields and natural logarithm of the non-radiative decay rates for 
the compounds were plotted versus their photoluminescence maxima and found to obey a 




2+ were determined by monitoring the relative absorption intensity 
change at 460 or 455 nm, respectively, as a function of pH. The absorbance intensity for 
both compounds was pH independent above pH 5 and below pH 2. The normalized 
absorption data for both compounds fit well to a single sigmoidal model which exhibited 
an inflection point, pHi, at pH 2.9, as indicated in Figure 5.5. Thus, the ground state pKa 
values for [RuII(btfmb)2(dcbH2)]
2+ and [RuII(dtb)2(dcbH2)]
2+ are both equal to 2.9.  
The excited state pKa
*’s for luminescent compounds can be determined using 




∗ = p𝐾𝑎 + (
2.303𝑅
𝑇
) (𝜐𝐵 − 𝜐𝐻𝐵) 
(5.4) 
 
where R is the gas constant, T is temperature, and ν is the absorbance or photoluminescence 
maximum in wavenumbers (cm-1) for the deprotonated (νB) and protonated (νHB) forms. 
Using the Förster method, excited state pKa
*’s were estimated directly from ground-state 
absorption data and yields pKa
* = 3.1 and 5.4 for [RuII(btfmb)2(dcbH2)]
2+* and 
[RuII(dtb)2(dcbH2)]
2+*, respectively. Use of the photoluminescence maxima results in 
pKa
*’s of 4.4 and 2.1 for the btfmb and dtb compounds, respectively. Alternatively, if both 
the protonated and deprotonated forms of a compound are luminescent, Equation (5.5) can 
be used to determine pKa
* values using a kinetic analysis based on Figure 5.1:   
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Figure 5.4. Photoluminescence (PL) quantum yields, A, and the natural logarithm of the non-radiative 
decay rate (knr), B, vs. PL maxima for the compounds in aqueous solutions. Linear best fits to the data are 












that requires the photoluminescence lifetimes of the protonated (τHB) and deprotonated 




2+* were determined to be 1.8 and 4.1, 
respectively, from the data shown in Figure 5.5. Use of the kinetic analysis method yielded 
pKa
*’s of 2.0 and 3.8 for [RuII(btfmb)2(dcbH2)]
2+* and [RuII(dtb)2(dcbH2)]
2+*, respectively. 
The variation in the estimated pKa
* values determined using the different methods will be 
examined in the Discussion section. 
Transient absorption spectra of [RuII(btfmb)2(dcbH2)]
2+* and [RuII(dtb)2(dcbH2)]
2+* 
were obtained under both basic and acidic conditions in aqueous solutions using pulsed 
532 nm laser excitation. The difference spectra shown in Figure 5.6 were normalized for 
comparative purposes to the transient absorption features observed below 400 nm, which 
were attributed to ligand-centered π* – π* transitions. Both the fully protonated and 
deprotonated forms of [RuII(btfmb)2(dcbH2)]
2+* exhibited sharp transient absorption 
features that maximized at 370 nm and transient bleach features at 460 nm associated with 
depletion of [RuII(btfmb)2(dcbH2)]
2+. In contrast to the btfmb compound, the transient 
absorption feature for the fully deprotonated [RuII(dtb)2(dcb
2-)]0* blue-shifted from 380 nm 
to 350 nm upon protonation to [RuII(dtb)2(dcbH2)]
2+*. The transient bleach minimum was 
450 nm for both forms of [RuII(dtb)2(dcbH2)]
2+*, although the bleach was broader for the 
protonated form compared to the deprotonated form, consistent with the ground state 
absorption spectra. Transient photoluminescence spectral features, not shown, were in 




Figure 5.5. Spectrophotometric titration curves of [RuII(btfmb)2(dcbH2)]2+ (squares) and 
[RuII(dtb)2(dcbH2)]2+ (circles) showing the relative absorbance (open symbols) and photoluminescence 
(closed symbols) intensity changes as a function of pH. Overlaid on the data are sigmoidal fits (solid blue 










Figure 5.6. Transient absorption spectra [RuII(btfmb)2(dcbH2)]2+ (left) and [RuII(dtb)2(dcbH2)]2+ (right) in 




Clean isosbestic points were observed for the full spectra around 400 and 530 nm 
for all compounds studied. The transient absorption and photoluminescence spectra were 
normalizable with respect to time at the pH’s indicated in Figure 5.6, behavior consistent 
with generation of a single excited state that relaxed back to the initial ground state. The 
first-order excited state relaxation kinetics were observation wavelength independent and 
in excellent agreement with the excited state lifetimes determined from the time-resolved 
photoluminescence data. 
Difference curves that highlight the pH range where excited state acid-base 
chemistry differs from that of the ground state, Figure 5.7, were generated by subtracting 
the sigmoidal fit of the spectrophotometric absorption data from that of the 
photoluminescence data fit, Figure 5.5. The maximum of the curve indicates the pH where 
the largest magnitude of protonation change will occur between the ground and excited 
state for each compound. Transient photoluminescence spectra of [RuII(btfmb)2(dcbH2)]
2+* 
and [RuII(dtb)2(dcbH2)]
2+* were measured at pH’s close to the pH of predicted maximum 
protonation state change. Normalized photoluminescence spectra of the fully protonated 
and deprotonated forms of both the btfmb and dtb compounds are shown 25 ns after pulsed 
laser excitation, Figure 5.8. The normalized photoluminescence spectra of 
[RuII(btfmb)2(dcbH2)]
2+* in pH 2.3 water showed minimal change over all time delays 
which was in stark contrast to [RuII(dtb)2(dcbH2)]
2+* in pH 3.5 water which exhibited 





Figure 5.7. Difference curves between the sigmoidal fits to the spectrophotometric absorption (Abs) and 
photoluminescence (PL) titration data given in Figure 5.5 for [RuII(btfmb)2(dcbH2)]2+, A, and 
[RuII(dtb)2(dcbH2)]2+, B. The maximum intensity of the curves indicate the pH where the maximum 





Figure 5.8. Transient photoluminescence spectra obtained in aqueous solutions of [RuII(btfmb)2(dcbH2)]2+, 
A, and [RuII(dtb)2(dcbH2)]2+, B. Spectra of the fully deprotonated or protonated forms obtained 25 ns after 
laser excitation are given for reference under basic (black, up triangles) or acidic (black, squares) 
conditions. Photoluminescence spectra obtained near the pH of maximum excited state protonation state 
changes are indicated by the colored lines obtained 25 ns (open circles) or 400 ns (open down triangles) 






The photophysical characteristics of two ruthenium compounds containing 
carboxylic acid derivatized bipyridine ligands with different ancillary ligands were 
quantified. Special attention was paid to the acid-base chemistry of the ground and excited 
states of the compounds. The compounds [RuII(btfmb)2(dcbH2)]
2+ and 
[RuII(dtb)2(dcbH2)]
2+ exhibited room temperature photoluminescence from excitation into 
MLCT absorption bands in the visible region. The photoluminescence titration data of 
[RuII(btfmb)2(dcbH2)]
2+ presents the first instance of a ruthenium compound with 
carboxylic acid functionality that exhibits a hypsochromic (blue) shift with decreasing pH. 
The observed linear correlation between the photoluminescence quantum yields and the 
natural logarithm of the non-radiative decay rate as a function of the photoluminescence 
maximum, in wavenumbers, indicates that the compounds studied in this chapter follow 
the Jortner energy gap law.30-31 The slope of -(1,100 cm-1)-1 for the non-radiative decay rate 
versus photoluminescence maximum is identical to values previously reported for a series 
of ruthenium and osmium polypyridyl compounds.32-33 
Only single inflection points were observed in the spectrophotometric titration 
curves of both compounds (either absorbance or photoluminescence) were observed when 
two were expected. We suspect that the two pKa values are so close that they could not be 
experimentally resolved as such behavior has been reported for many other ruthenium 
polypyridyl compounds containing carboxylic acid groups.1,12-13,17 This suggests that the 
pKa values reported for the ground and excited states represent an average of the two true 
values. However, it cannot be ruled out that the inflection point is only reporting on the 
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first protonation step and that a second protonation step is spectroscopically silent over the 
pH range monitored. 
The excited state acid-base behavior of these compounds can be exploited for use 
as pH probes in aqueous solution. Using a wavelength-ratiometric analysis of the peak 
photoluminescence maximum between the two protonation states, one can generate the 
ratiometric pH curves shown in Figure 5.9.3,34 Use of these compounds as pH probes would 
allow for pH determination over a dynamic range of 3 pH units between pH 0.5 to 3.5 using 
the btfmb compound or between pH 2.0 to 5.0 using the dtb compound. 
The ground state pKa values for the btfmb and dtb compounds
 were measured using 
spectrophotometric titrations which yielded pKa = 2.9 for both compounds. These pKa’s 
are consistent with previous reports which range from pKa = 2.2 – 4.4 for related ruthenium 
compounds containing carboxylic acid derivatized bipyridines.12-13,17 
The excited state pKa
* values were determined using several methods established 
in the literature. The simplest, so-called Förster method only requires knowledge of the 
absorbance maximum for the deprotonated and protonated forms of a compound along with 
the ground-state pKa, Equation (5.4). This method is commonly used for organic 
compounds which emit from singlet excited states or for compounds that are non-
luminescent. For comparison to other literature data of ruthenium compounds, pKa* values 
were determined using this method and reported in Table 5.2. However, this method is 
technically inappropriate for ruthenium(II) polypyridyl compounds due to the formally 





Figure 5.9. Wavelength-ratiometric curves as a function of pH for [RuII(btfmb)2(dcbH2)]2+, A, and 




Therefore, more accurate values can be obtained using the photoluminescence 
maxima and Equation (5.4), as they more adequately estimate E0-0, which results in pKa*’s 
of 4.4 and 2.1 for the btfmb and dtb compounds, respectively. The most robust method, 
Equation (5.5), makes use of a kinetic cycle based on the square scheme in Figure 5.1 and 
the excited state lifetimes for both protonation states of the compounds. Evaluation using 




2+*, respectively, which are in reasonable agreement with the values 
obtained from the Förster analysis using photoluminescence maxima. It is interesting to 
note that calculated pKa* values occur at pH’s similar to the inflection points of the 
wavelength ratiometric curves. 
The pKa*’s indicate a reversal in excited state acid base behavior between the two 
compounds based on ancillary ligand modification from electron-withdrawing 
trifluoromethyl groups to slightly electron-donating tert-butyl groups as the protonatable 
dcb ligand remains constant. This means that [RuII(dtb)2(dcbH2)]
2+* is a stronger base, 
ΔpKa = +0.9, in the excited state that the ground state. This behavior has been reported for 
similar ruthenium polypyridyl compounds and was attributed to increased electron density 
at the carboxylate due to electron localization on the carboxylic acid derivatized ligand in 
the excited state. In stark contrast, [RuII(btfmb)2(dcbH2)]
2+* is a stronger acid, ΔpKa = -0.9, 
in the excited state that the ground state. Behavior likely attributed to excited state electron 
localization on the btfmb ligand which renders the protonatable dcb ligand electron 
deficient as a result of back-donation to the formally Ru(III) metal center. This is the first 
report of a ruthenium compound containing a carboxylic acid group that exhibits stronger 
acidity in the excited state. All other carboxylic acid based compounds exhibit increased 
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basicity in the excited state akin to that seen for [RuII(dtb)2(dcbH2)]
2+*. While photoacidic 
ruthenium compounds have been reported, they generally contain pendant amines or 
hydroxyl groups which can undergo drastic resonance restructuring in the excited state. 
Evidence for the difference in electron localization can be seen in the transient 
absorption spectra, Figure 5.6. In the case of the dtb compound, the fully protonated form, 
[RuII(dtb)2(dcbH2)]
2+*, exhibits a ligand-centered transient absorption feature at 350 nm. 
This electronic transition shifts to lower energy, 380 nm, for the fully deprotonated form, 
[RuII(dtb)2(dcb
2-)]0*. This observation is fully consistent with the absorption feature being 
attributed to excited state electron localization on the dcb ligand with the electronic 
transition being affected by the protonation state of the ligand. In contrast, the fact that the 
transient absorption feature for both [RuII(btfmb)2(dcbH2)]
2+* and [RuII(btfmb)2(dcb
2-)]0* 
maximizes at 370 nm is consistent with the idea that the electron localizes on the btfmb 
ligand which is not associated with acid-base chemistry. The transient features between 
400 and 530 nm for the compounds studied can be accounted for purely by the bleach of 
the ground state absorption spectra. 
In order to determine the pH range where excited state acid-base chemistry would 
occur, difference curves were generated by subtracting the sigmoidal fit to the 
spectrophotometric photoluminescence titration curve from that of the absorption curve for 
both compounds, Figure 5.6. The maximum of each curve indicated the pH where the 
largest protonation change should occur between the ground and excited states. For 
example, the [RuII(btfmb)2(dcbH2)]
2+ form predominates in the ground state at pH 2.4, 
85%, but after excitation to the MLCT state the compound loses two protons generating 
the [RuII(btfmb)2(dcb
2-)]0* form, which constitutes 80% of the sample. Conversely, at pH 
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3.5 for the dtb compound, the ground state is comprised predominantly of the 
[RuII(dtb)2(dcb
2-)]0* form, 88%, which protonates in the excited state forming 
[RuII(dtb)2(dcbH2)]
2+ , 80% of the sample. 
Transient photoluminescence spectra were obtained at pH’s near the values 
predicted for maximum change, Figure 5.8. Spectral modeling of the experimental spectra 
using reference spectra obtained of the fully protonated and deprotonated forms allowed 
for the fractional composition of the different protonation states to be determined as a 
function of time, Figure 5.10. For the btfmb compound in pH 2.3 water, the 
photoluminescence spectra most resembled the fully deprotonated [RuII(btfmb)2(dcb
2-)]0* 
state immediately after pulsed laser excitation of [RuII(btfmb)2(dcbH2)]
2+, which was 
consistent with increased acidity in the excited state. The ratio of the two forms remained 
relatively constant, 4:1 (dcb2- : dcbH2), over the duration of the experiment. The data could 
be fit to single exponential kinetics with a time constant of 10 ns. The dtb compound in pH 
3.5 water exhibited drastic time-dependent changes in the fractional composition of the 
excited states. Following pulsed laser excitation, the initial [RuII(btfmb)2(dcb
2-)]0 could be 
seen cleanly converting into the [RuII(dtb)2(dcbH2)]
2+ form with single exponential kinetics 
indicating a protonation rate of 2 x 107 s-1. After 200 ns, the fractional composition reached 
a ratio of 1:9 (dcb2- : dcbH2), and remained constant for the rest of the experiment. This 
data represents the first transient observation of a ruthenium polypyridyl compound 





Figure 5.10. Fractional composition of the fully protonated (red) and deprotonated (blue) forms of 
[RuII(btfmb)2(dcbH2)]2+, A, and [RuII(dtb)2(dcbH2)]2+, B, in pH 2.3 or 3.5 water, respectively, as a function 





The photophysical acid-base properties of two ruthenium polypyridyl compounds 
containing carboxylic acid derivatized bipyridine ligands are reported. The ground-state 
pKa’s for the compound were found to be identical, pKa = 2.9, and consistent with related 
compounds. The photoluminescence properties and excited state pKa’s were found to be 
drastically influenced by the nature of the ancillary ligand not associated with the acid-base 
chemistry. The [RuII(dtb)2(dcbH2)]
2+ compound containing slightly electron-donating dtb 
ligands was characterized by enhanced basicity in the excited state with pKa* = 3.8. 
Conversely, the compound with electron-withdrawing btfmb ligands, 
[RuII(btfmb)2(dcbH2)]
2+, exhibited increased acidity in the excited state with pKa* = 2.0 
and is the first instance of a carboxylic acid-based ruthenium photoacid. Due to the pH-
dependent photoluminescence maxima for the fully deprotonated or protonated states, the 
two compounds studied could be used as wavelength ratiometric pH probes for pH 
determination from pH 0.5 to 5.0. Furthermore, the transient photoluminescence data 
presented in this chapter provide the first clear observation of a ruthenium polypyridyl 
compound converting from one protonation form, [RuII(dtb)2(dcb
2-)]0*, to another, 
[RuII(dtb)2(dcbH2)]
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